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Since the publication of a description of the parallel testing interferometer it has been 
discovered that this instrument, without modification, is quite applicable to the comparison 


of lengths of gage blocks. 


This note describes the testing of gage blocks of all lengths, up 


to several meters, without having to contact them to optical flats. 


Since publishing a description of the parallel 
testing interferometer ' this author has realized the 
applicability of this instrument, without modifica- 
tion, to the comparison of long gage blocks. 
Accordingly, this note may be considered a supple- 
ment to Parallel Testing Interferometer.’ 

Figure 1, which is a modification of figure 2 in 
footnote 1, together with footnote 1, shows the opti- 
cal arrangement and details of the instrument. 
The two gage blocks, G and S in figure 1 are placed 
so that the images of the two ends, facing one prism, 
are superimposed so that fringes of interference are 
obtained from the two beams that are reflected from 
them. The order of interference at the center 
(usually chosen as the reference point) is a measure 
of the relative axial position of the two faces. Sim- 
ilarly, the order observed from the other ends of the 
two blocks is a measure of the relative axial position 
of these faces. The difference in these two orders of 


interference, when proper choice of sign is considered, 
is a measure of the difference in length of the two 
blocks. 


Thus, the length of gage blocks can be 
iJ. B. Saunders, Parallel testing interferometer, J. Research NBS, 61, 491 
(1958) R P2917. 


S, 


Amp 


4 





compared without the necessity of wringing or 
optically contacting them to optical planes. 

If the order of interference observed on one pair of 
faces is adjusted to zero the difference in length is 
given by the order of interference observed on the 
second pair of faces. The length of the unknown 
block need not approximate the length of the stand- 
ard. If the difference is large, however, the orders 
of interference will also be large and monochromatic 
light of high purity will have to be used to produce 
fringes of adequate visibility. 

This method of measurement permits the attain- 
ment of less gravitational distortion of very long 
blocks than when optical planes are contacted to 
them. It also permits faster testing because the 
blocks can be handled without coming into contact 
with the operator’s hands—practically unavoidable 
in wringing operations—thus eliminating a serious 
source of thermal disturbance. 

The above description of measuring length applies 
equally well to the testing of short blocks with the 
‘“Short-Block Interferometer,” also described in 
footnote 1. 


FicguRE 1. Optics of in- 
terferometer for compar- 
ison of long gage blocks. 


(Paper 64C3-37) 
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Gage Blocks of Superior Stability: Initial Developments 
in Materials and Measurement 


M. R. Meyerson, T. R. Young, and W. R. Ney 
(April 1, 1960) 


Increased demands on modern technology have established a requirement for gage 
blocks with higher accuracy of length calibration than is currently available. The desired 
improvement is tenfold and involves an increase in reliability from 2 10~® in./in. to 1 or 
2107-7 in./in. The problem of achieving gage blocks dimensionally stable to this degree is 
fundamental and has two aspects; (1) the development of a suitable material and treatment 
to produce a gage block with the desired dimensional stability, surface quality, and several 
other physical properties, (2) the development of instrumentation and techniques for the 
precise measurement of temporal changes of length, so that stability of test samples may be 
determined to the required precision. 

To date the program has been successful in developing three sets of gage blocks from 
two materials that have met the requirements and have shown a dimensional stability of 
2 107’ in./in./yr over an observed period of one year. A technique for measurement based 
on the use of a mechanical-electronic comparator and a rigorous application of statistical 
control have supplied data precise to within +210-7 in. The processes, technical aspects, 
and techniques involved in these developments are fully explained, and plans for further 
investigation and improvement are indicated. 


1. Introduction 


Gage blocks are precise representatives of the 
national standard of length maintained at the Na- 
tional Bureau of Standards. As such they are in 
general use throughout industry and government for 
direct measurements or as standards for the calibra- 
tion of measuring tools and other devices. Their 
sizes not only should be known and measurable to a 
high degree of precision, but once established, the 
sizes should remain within a desired constancy with 
the passage of time. Many instances are reported 
[1,2,3]' where hardened steel gage blocks have 
changed dimensions upon aging. This dimensional 
instability has been reported as a shrinkage, a 
growth, or even as a change from one to the other at 
different times of measurement. 

Gage blocks purchased for governmental use are 
obtained in accordance with Federal Specification 
GGG-G-15, June 7, 1956. The standards of quality 
specified therein are also in general use throughout 
industry. The best steel gage blocks currently 
available are made to standards designated as AA, 
Laboratory Grade, Class 1, which provide for toler- 
ances on lengths of +2 10~° in./in. on blocks longer 
than 1 in. and +210~* in. on blocks 1 in. or shorter. 
A minimum hardness of 65 Rockwell C (65 R,) or 
equivalent on or adjacent to the wringing surface is 
required. The specification also contains allowable 
tolerances on flatness, parallelism, and finish of the 
wringing surfaces, but there are no quantitative 
requirements for dimensional stability; only the 
statement, “. . . suitably treated to assure dimen- 
sional stability of the finished gages.”’ 

Gage blocks are not used to measure to the extreme 





' Figures in brackets indicate the literature references at the end of this paper. 





limits of the indicated tolerances; a factor of ten is 
usually allowed to compensate in part for inaccu- 
racies established by dimensional instability, wear, 
and the summation of errors formed in combining 
two or more blocks. With that criterion, current 
commercial blocks are used to measure no closer 
than +2>10-in./in. With the advent of the space 
and atomic era, the need for measuring to +1 or 
210~* in./in. is anticipated by industry and recog- 
nized by the Congress of the United States. Such 
a degree of precision would necessitate gage blocks 
with a tolerance of +1 or 2107’ in./in. The devel- 
opment of gage blocks to meet this specification 
presents a dual problem of materials and measure- 
ment. Accordingly, the investigation was designed 
to study both facets of this problem and the coopera- 
tive efforts of personnel from two divisions of the 
National Bureau of Standards (Metallurgy, and 
Optics and Metrology) were applied. The Metal- 
lurgy Division was given the responsibility for the 
selection, development, treatment and evaluation 
of materials, and the Optics and Metrology Division 
for the development and improvement of measuring 
techniques and the determination of stability of 
experimental gage blocks. Several companies? in- 
terested in the manufacture or application of gage 
blocks, are actively cooperating in the program and 
have supplied invaluable advisory service, the bulk 
of the blank materials used, all of the facilities and 
personnel for lapping, and a portion of the operating 
funds. 

2 Brown & Sharpe Co. 
Dearborn Gage Co. 
DoAll Co. Link Aviation, Inc. 

E. I. du Pont de Nemours & Co., New Departure Division of General 
Inc. Motors Corp. 

Fonda Gage Co. Pratt & Whitney Co., Inc. 

General Electric Co. Taft-Peirce Mfg. Co. 

Greenfield Tap & Die Corp. The Sheffield Corp. 


Hughes Aircraft Co. The Timken Roller Bearing Co. 
The Van Keuren Co. 


International Business Machines 


Corp. 
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It was apparent from the onset that the program 
was to be a lengthy one which would require years 


to complete. Once suitable techniques for measuring 
blocks to one or two parts in ten million were devel- 
oped, it would still require about eighteen months 
to manufacture a gage block to the required specifi- 
cations, and obtain sufficient stability data to indicate 
a trend. Thus, gage blocks made in 1957 or 1958 
and under observation since 1958 have just begun 
to produce significant data. As a result of these 
observations, additional gage blocks are being de- 
signed for improved performance, but these will not 
show results until the end of 1960. In fact, any 
ideas developed in the program require about eight- 
een months to verify or disprove, and even then such 
a verification can be considered only as tentative 
pending observation over longer periods of time. 

The purpose of this paper is to acquaint the reader 
with the scope of the entire program, to describe 
the materials and procedures being used to produce 
experimental gage blocks and the technical aspects 
involved, to describe the instrumentation and tech- 
niques developed to measure the gage blocks, and 
to present results on two of the selected materials 
which have been observed for stability sufficiently 
long to have produced significant trends. 


2. Previous Investigations 


The dimensional instability of hardened steel for 
gage blocks was described by Rolt [1] in 1929 and 
was recognized by Johansson and others prior to 
that time. In this country many excellent in- 
vestigations have been concerned with the mecha- 
nism of instability of hardened steels and methods of 
alleviating the condition, notably the work of Scott 
[4], Cohen and his associates [5, 6, 7, 8, 9, 10] and 
Gippert and Butler [11]. As a result, hardened 
steel gage blocks undoubtedly can be made more 
stable today than they could many years ago, but 
more stringent requirements make further improve- 
ment necessary. 

A set of gage blocks, said to be of uniform chemical 
composition and processed alike, was purchased in 
1929 by the National Bureau of Standards from C. E. 
Johansson. These blocks were personally selected 
by Johansson for excellence of planeness, paral- 
lelism, surface finish and dimensional stability. 
The stabilizing treatment consisted of several cycles of 
annealing, hardening, tempering and a refrigeration 
treatment at 32° F, although the exact mechanisms 
involved were not fully understood. Several gage 
blocks had also been purchased from the same source 
two years earlier, in 1927, and at that time were 
presumed to have a similar composition and to have 
been given the same heat treatment. These two 
lots of blocks have been observed for length changes 
since their procurement, and the results have been 
varied [2]. Some have a history of constant and 
large growth (up to 2107°in./in.), others have not 
varied more than 210 ~ in./in., and the rest have 
remained stable or have shrunk slightly for a period 
of one to seven years and then have proceeded to 
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grow. Two of the more stable and two of the less 
stable blocks were independently analyzed for 
retained austenite at the Timken Roller Bearing Co. 
[12] and the National Bureau of Standards; the 
results of the two laboratories agreed closely. The 
two more stable blocks contained about 11 percent 
of retained austenite. The least stable of the four 
had 20 percent, and the other unstable block had 15 
percent. These tests not only indicate the large 
variation in stability that may be obtained with 
what must be presumed to be very small variations 
of composition and/or treatment, but also the in- 
adequacy of judging dimensional stability on the 
basis of short-time observations. These blocks also 
supply evidence that the presence of some retained 
austenite need not necessarily promote dimensional 
instability, and may in fact contribute to stability. 
Observations based on measurements of one year or 
less and which indicate a desirable degree of stability, 
while a favorable sign, cannot be interpreted as final. 
Conversely, an indication of instability during the 
first vear may portend further instability during 
future years, although the degree may change and 
exceptions have been noted. 

Other observations of interest have also been 
reported. In individual blocks, rates of change in 
length have varied in different portions of the blocks 
so as to introduce uneveness to previously flat 
surfaces [13]. Several instances have been noted at 
the National Bureau of Standards and elsewhere, 
where the disturbance of a nongaging side surface 
by relapping or even by etching produced an im- 
mediate change in length. Such observations indi- 
cate the presence in hardened steel gage blocks, of a 
delicate balance of residual stresses that produces 
dimensional changes when disturbed. 

The concern for the dimensional stability of 
hardened steel gage blocks has led to the pursuit of 
other methods of obtaining suitable materials. Rolt 
mentioned development work in England in the 
1920’s on unhardened gage blocks, coated with 
Stellite or electroplated iron or chromium. In more 
recent times development has been directed towards 
the use of stable carbides, such tungsten or 
chromium, but these are considered to have an un- 
favorable coefficient of thermal expansion. Quartz 
single crystals have been considered frequently, but 
both the coefficient of thermal expansion and the 
thermal conductivity of quartz are too low to permit 
convenient use with most metals. 


as 


3. Materials 


3.1. Requirements 
a. Dimensional Stability and the Structural Relationship 


Dimensional stability is a prime requirement for 
gage blocks, and stability is affected by structure 
and within materials. All steels have a 
metastable structure when hardened to the 65 R, 
specified for gage blocks. As such there is a tend- 
ency for the structure (mostly martensite) to reject 
carbon in the form of carbides and for the distorted 
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tetragonal lattice to become cubic. These proc- 
esses, one of the stages of tempering, occur with 
relative ease at elevated temperatures and with 


great difficulty and slowness at room temperature, 
but the forces promoting the decomposition of mar- 
tensite are present and can be expected to cause a 
reduction in volume of the gage block whenever a 
degree of decomposition occurs, no matter how 
slight. Hardened steel frequently contains various 
quantities of a second structural phase, austenite, 
which had failed to transform to martensite during 
the quenching and subsequent tempering operations. 
This phase is also metastable and can transform to 
martensite or bainite upon aging at room tempera- 
ture. Such a_ transformation contributes to an 
increase in volume, a growth of the block. 
Superimposed upon the “possible structural changes 
are the dimensional changes caused by the relief of 
residual stresses. Residual stresses are present in 
hardened steel gage blocks as the result of at least 
three processes; those put into the block by the 
thermal gradients formed on heating and cooling, 
those formed as the result of structural changes, and 
those resulting from surfaces plastically strained in 
the fabricating processes. The relief of residual 
stresses can occur slowly at room temperature and 
can produce either a growth or shrinkage depending 
on the sign and orientation of the stresses. The 
ideal solution to the stabilization of a hardened steel 
block would be to treat it so that the shrinkage 
caused by the decomposition of martensite would 


gage 


be counteracted by the growth contributed by the 
transformation of austenite; and the balance of 


these changes compensated for in full by changes in 
the residual stress pattern. Such a solution is not 
belived entirely feasible with hardened steels, but 
with careful selection of suitable heat treatment and 
processing, it is hoped to reduce dimensional changes 
resulting from these factors to the desirable limits 
of 21077 in./in./yr.3 

It was believed that the metastable structure 
alone was a severe deterrent to obtaining the degree 
of dimensional stability desired, and for that reason 
materials other than hardened steels were included 
in the progrim. Nevertheless, the wide usage and 
popularity enjoyed by hardened steel gage blocks 
precluded the omission of these materials, and 
efforts were directed towards improving their per- 
formance characteristics. 

A fully annealed steel is at or near its equilibrium 
condition. Provided all residual stresses are absent, 
it should be dimensionally as well as structurally 
stable. It was reasoned that a thin nitrided case 
applied to such a structure would produce an overall 
stable block with high surface hardness and wear 
resistance, even if the thin case should show some 


instability. The modulus of elasticity of steel is 
about the same whether the steel is annealed or 

* The addition of a time factor to the tolerance is not normally done in gage 
block usage, since a tolerance is the maximum permissible variation from a given 
size. However, in a discussion of stability, where absolute stability may be 
unattainable, it is necessary to aflix a time pari umeter. The time increment 


selected, one ye: ir, also implies that the gage block need not be calibrated at more 
frequent intervals than 1 year. 





hardened, and the support given by a 
nitrided case is the same whether that 
nealed or hardened, provided the elastic limit of the 
annealed steel is not exceeded. For the extremely 
mild service for which these ultra stable gage blocks 
are intended, an annealed core should be ample. 
The same reasoning was applied to types of hard 
surfacing treatment “other than nitriding, and several 
have been considered including flame plating with 
tungsten carbide or aluminum oxide, chromium 
plating, and thermal spraying with nickel-chromium 
boron alloy. 


steel to its 
steel is an- 


b. Other Required Characteristics and Properties 


Several other characteristics and properties are 
necessary or desirable in addition to dimensional 
stability. A high degree of surface finish, flatness of 
surfaces, and parallelism of opposite faces are re- 
quired for precise measurements. These character- 
istics are related to the hardness and structure of the 
surfaces and their degree of development also de- 
pends on the skill of the final lappers. Ideally, the 
coefficient of thermal expansion, thermal conduc- 
tivity, and other thermal properiies should be ap- 
proximately equal to those of high carbon steel. The 
necessity of this value of the coefficient of expansion 
is often misunderstood, and frequently materials with 
zero or very low coefficients have been recommended. 
In actual application, a laboratory grade of gage 
block is most frequently used to calibrate other high 
carbon steel gage blocks or tools by a comparison 
technique. Precise temperature control is essential 
and both the gage block and the measured piece must 
be allowed to come to the same temperature. If 
there are very slight fluctuations in temperature or 
its measurement, similar coefficients may produce a 
compensation of the error. Otherwise the exact 
fluctuation and temperature as well as the exact 
coefficients involved must be known and appropriate 
mathematical computations made. With high car- 
bon steel, a temperature discrepancy of only 0.03° F 
is sufficient to change length by 2X10~ in./in., 
which is equivalent to the desired maximum toler- 
ance being sought in this investigation. Other ther- 
mal properties are not generally considered important 
factors, but in the development of the measuring 
techniques, they were found to have considerable 
significance (see discussion in section 5). Surface 
hardness and wear resistance are related conditions, 
although the relationship may not be as direct as is 
customarily believed. However, it is easier to obtain 
a good lapped surface on a hard material than on a 
soft one, and a block that wears excessively will not 
maintain its size after repeated wringings. The 
ability to wring well is a necessary requirement. This 
characteristic is a function of the quality of the sur- 
face and it may be related to the material. Resist- 
ance to atmospheric and fingerprint corrosion is de- 
sirable not only from the standpoint of appearance, 
but because the build-up of oxide films on gaging 
faces may cause a change in length and will produce 
a deterioration in wringing ability. 
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3.2. Selection and Application 


The chemical compositions of the materials se- 
lected for investigation are given in table 1; the hard- 
ness values and available pertinent physical prop- 
erties are summarized in table 2. The materials can 
be divided conveniently into three groups as follows: 

1. Steels hardenable throughout by heat treat- 


ment—52100 modified, W4, D2, and T15 modified. 
2. Steels readily amenable to surface hardening 


treatments—1010, 8620, 304, 410, 420, 17-4 PH and 
Nitralloy 135. 

3. Materials other than steel—aluminum oxide 
and three forms of titanium carbide. 

Some of the steels of group 2 are also hardenable, 
but without additional surface conditioning the final 
hardness obtained is too low for a gaging surface. 

Several treatments have been applied to most 
of the materials. Thus, a total of 41 major com- 
binations of materials and treatments are being 
investigated (table 3). For example, 8620 steel has 
been both pack and liquid earburized and has been 





which are not reflected in the table, but are discussed 
later in the text or in an appropriate appendix, 
These consist of such items as differences in case 
thickness, grinding procedures, and in tempering or 
stress-relieving treatments. 

Experimental blocks of only two steels, 52100 and 
410 stainless, have been under observation for 
stability sufficiently long to have produced significant 
results. Data for these blocks were obtained from 
five major combinations on the 52100 steel and four 
on the 410 stainless. The 52100 steel was processed 
to produce five additional heat-treating variations, 


and one variation in grinding. Both directly 
quenched and martempered blocks were tempered 


to obtain a hardness of 65 R, and also 62 and 60 
R,, and one group was martempered in oil instead 
of NaNO,—NaNO,. One major combination on 
the 410 was also given a variation in processing. In 
those blocks receiving single stage gas nitriding, the 
cases on the nongaging faces of some were completely 
removed by grinding, whereas on others only the 
white layer was removed. All of the other materials 
are under observation or are in various stages of 





igh ; ; ; > ; sit : : > 
carbonitrided to give three combinations. In addi- | processing. Therefore, all further discussion will 
tion there are some secondary variations in processing | be limited to these two steels. 
TABLE 1. Designation and chemical composition of the materials selected for investigation 
Chemical composition, percent by weight 
Materials NBS - a 
desig- 
nation C Mn P Ss Si Cu Ni Cr \ Mo Co Ww Ti Al AlO Ch Fe 

1010 L 0.083 0.42 | 0.002 | 0.023 | 0.029 | 0.13 0.075 | 0.088 | 0.005 | 0.01 0.006 | 0.057 hal 
W 4 tool steel WwW 1.00 44 .006 O11 .19 674 .18 31 01 045 01 01 bal 
52100 mod- - 1.04 . 68 015 .013 .25 23 15 1.44 01 27 E bal 
8620 ‘ E 0. 20 . 80 .008 O12 . 28 12 . 50 51 007 19 01 047 bal 
304 Stainless “ A 0.034 .4 . 022 .014 . 40 .16 9.3 18.9 07 10 01 01 bal 
410 stainless : = F 0.15 36 .025 008 . 34 13 58 11.2 (2 13 .O1 04 bal 
420 stainless C 0. 37 . 34 .010 .013 . 30 .05 13 |12.2 06 1 01 01 bal 
D2 tool steel D 1. 51 . 28 .024 005 .35 OR .18 (13.5 7 4 01 .04 bal 
Nitralloy 135 mod N 0.40 . 60 .014 O11 . 26 14 21 1.4 014 . 34 009 89 bal 
17-4 PH stainless_ Pp | 0.031 . 34 . 025 .005 . 38 3.6 4.3 16.4 bal 
Titanium carbide A * KA {11.2 25.0 5.0 52.0 4.5 bal 
Titanium carbide B * KB 9.2 40.0 3.0 1.0 36.0 3.0 4.5 ax 
Titanium carbide, steel 

binder S 6.8 1.78 29.12 62.2 
T15 mod, tool steel V 1. 55 17 006 32 OS 45 6.0 4.8 14.4 bal 
Aluminum oxide * Q 100 ; 


® Nominal composition supplied by the producer; all others were analyzed at NBS. 


TABLE 2. 
NBS Hardness, 
Materials designa-| annealed or 

tions as received 
1010. L 56 Rp 0.4 
W4 tool steel W 81 Ry 
52100--.--. T 81 Rp 
8620 E 87 Rp 
304 Stainless A 70 Rp 
410 stainless F &3 Rp 
420 stainless Cc 93 Rp 
D2 tocl steel D 95 Rp 
Nitralloy 135 mod N 04 Rp 
17-4 PH stainless. P 29 R 
Titanium carbide A KA 68 R, 
Titanium carbide B KB 72 Re 
Titanium carbide, steel binder Ss xy Ry 
T15 tool steel. Vv °8 Rp 
Aluminum oxide Q >70 Re 


® Italics indicate values obtained from published data, or private communication with manufacturer 
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Hardness and pertinent physical properties of the 


selected materials 


Modulus of 


Density elasticity Coefficient of thermal expansion | Thermal conductivity 
Ihjin p in./in./°F Ptu/ft?/in./see/° F 
IX ia 30X10 6,5X10-° (68 to 212°) 0. 1112 (212°) 
ING 0 6.0 (68 to 212 O894 (212°) 
283 0 6.3 annealed (85 
6.465 Re (85 
6.4 62 Re (85 
6.2 60 Re (85 
283 30) 6.6 carbonitrided (85°) 
29 29 9.0 (85 0313 (212°) 
280) 29 5.4 annealed (85 . 0480 (212°) 
278 32 5.7 hardened (85°) 0443 (390°) 
277 5.7 hardened (85 0482 (300°) 
6.5 nitrided (85 
280) 28 #.0 annealed (70 to 200 . 0344 (300°) 
228 0 6.0 . 0770 (212°) est. 
217 57 . 3 . 0770 (212°) est. 
6,85 (70 to 1300 oe 
05 ? 5.4 (85 0497 (32 to 1020°) 
3.0 (85 - 


All others were obtained at NBS. 





TaBLE 3. Summary of treatments used for the selected materials 
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| nations | | | | | As 
| Direct Mar- | Pack or | Liquid, | Carbo- Gas, | Gas, | Ther- | Flame- | Flame- | Electro-| manu- 
| quench, temper,| gas, harden, | nitride, one | two | Liquid mal- plated | plated | plated | factured 
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T15 tool steel V X alelatatell 
Aluminum oxide ae, eee nN Penne os aeeenne eRMereee (CRs CEs SN ME ee ee - 





Type 52100 steel is being used in this program 
principally, but not in every instance, as a through- 
hardened steel (group 1). It was selected for a 
prominent place in the program because it is widely 
used as a gage block material and for many kinds 
of tools and precision devices. Preliminary harden- 
ability tests with a standard composition indicated 
failure to harden completely through with an oil 
quench in the size section required for this investiga- 
tion. To obtain improved hardenability, a 52100 
steel modified by the addition of 0.3 percent molyb- 
denum was specified. A few blocks of 52100 were also 
employed in the annealed condition in an attempt to 
obtain improved stability and a coefficient of thermal 
expansion more favorable than that obtainable with 
the 410 stainless. A variety of hard coatings was 
applied to produce a suitable wear resistant surface. 

Stainless steel, type 410, is a martensitic type of 
stainless with relatively low hardness after harden- 
ing, but it possesses several properties of interest for 
gage block application. In the annealed condition 
it has essentially a single phased structure (except 
for spheroidal carbides) with its elements in solid 
solution. Its surface can be hardened by nitriding 
and it has good resistance to atmospheric corrosion, 
either when annealed or hardened. Its major ap- 
parent deficiency is a coefficient of thermal expansion 
reasonably close to but slightly lower than high 
carbon steel. Nitriding was the principal process 
used to harden the surfaces of the 410, but the other 
treatments indicated in table 3 were also applied. 


4. Procedures for Processing and 
Fabrication 


4.1. As Received Steels 


Each type of steel was obtained from a single heat 
and was commercially made in accordance with the 
accepted practices for that type, so that it would 
represent typical steels available on the market. 





With the exception of the T15 and 17-4 PH steels, 
each was hot rolled by the manufacturer into 
rectangular bars 144 in. X 34 in. After hot rolling 
and straightening, all bars were fully annealed by 
the manufacturer and precautionary measures taken 
to hold decarburization to a minimum. The gage 
blocks made from these bars were rectangular paral- 
lelepipeds with a gaging length of 2 in. and other 
dimensions of 1% in. & % in. 

The typical microstructures of the 52100 as an- 
nealed and after hardening and the 410 as annealed 
are shown in figure 1. 


4.2. Heat Treating of 52100 Steel 


With hardened steels, the difficulty of completely 
balancing the dimensional changes occurring from 
structural transformations against residual stresses 
can be minimized by keeping these factors at low 
levels. As a starting point, it was decided to elim- 
inate almost all of the retained austenite, which would 
reduce the possibility of growth and provide data on 
the stability characteristics of an austenite-free steel, 
and would possibly give a higher hardness and allow 
a higher tempering temperature or longer time at 
temperature to obtain a final hardness of 65 R,. The 
higher tempering temperature was considered bene- 
ficial in the reduction of residual stresses. The 
standard procedure used for hardening by direct 
quench was to austenitize at 1550° F for 15 min 
and quench to room temperature in a quenching oil 
having an accelerated cooling rate. 

The residual stresses resulting from thermal 
gradients on cooling from the hardening temperature 
are often reduced by martempering. The mar- 
tempering treatment adopted consisted of austeni- 
tizing in a chloride bath at 1550° F for 15 min, 
quenching in a sodium nitrate-nitrite bath at 300° F 
for 30 sec, and then quenching to room temperature 
in oil. 
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FIGuRE 1. 


4. 52100, annealed, etched with 1° Nital. 
B. 52100, hardened, etched with 1% Nital. 


C. 410 stainless, annealed, etched with hydrochloric + picrice acids in ethanol 


Both of the above hardening treatments were 
followed by a stabilization treatment designed to 
remove retained austenite, temper the martensite, 
and reduce residual stresses. This treatment for 
blocks hardened to 65 R, consisted of an immediate 
refrigeration at —140° F for an overnight period 
(18 to 22 hr), followed by a tempering treatment at 
250° F for 1 hr, a second refrigeration treatment at 
— 140° F for an overnight period, and a final temper 
at 250° F for9 hr. The interval between steps was 
kept as short as possible. Details of the investiga- 
tion performed to establish this stabilization treat- 
ment as an optimum for the 52100 steel are given in 
appendix A. 

The temperature of the final temper was raised 
in some instances where a hardness of less than 65 
R. was desired. The prescribed hardness of 65 R, 
is believed to have been an arbitrary selection to 
obtain good wear resistance, and it was thought that 
a block with slightly lower hardness such as 62 or 
60 R, might be satisfactory from a wear standpoint 
and possess greater stability. Details of the heat 
and stress relieving treatments given individual 
blocks, and the final hardness of each, are shown in 
table 4. <A stress relieving treatment was applied 
to all gage blocks after finish machining and prior to 
final lapping. 

4.3. Nitriding of 410 Stainless Steel 

The 410 stainless was the first of the group 2 ma- 
terials (steels readily amenable to surface hardening 
treatments) studied. The 410 steel was to be used 
in the annealed condition only, with the surface 
nitrided or otherwise hardened. The details of 
nitriding and stress relieving of each block are given 
in table 4. 

Tests were run to establish suitable procedures for 
nitriding this steel. No unusual techniques were 
required for effective nitriding. The surfaces of the 
blocks were prepared by grinding and thereafter 
were scrubbed in an aqueous detergent just prior to 
nitriding. <A nitriding time of 40 to 44 hr at 1010 to 


TABLE 


Gage 


}. The 


Method of harden 


Microstructure of 52100 and 410 stainless steel. 


Final temper, 


x 750 


heat treatment and hardness of gage blocks * 


Stress relief, Date of final] Hard- 


block ing 9 hr, 3 hr, ° F» | stress relief} ness 
no. R,¢ 
T-301 Flame plate, Not applicable 975 May 1957 72 
tungsten carbide. 
T-302 | Flame plate, Not applicable 975 May 1957 72 
tungsten carbide 
T-309 | Thermal spray, Not applicable 975 July 1957 62 
Ni-Cr-B. 
r-312 | Thermal spray, Not applicable 975 July 1957 62 
Ni-Cr-B. 
I-314 Ele ctroplate, Cr Not applicable 100 (5S br Jan. 1958 6S 
r-318 | Electroplate, Cr Not applicable 400 (5 hr) Jan. 1958 68 
l'-337 Martempet 250 « 240 Jan. 1958 65 
l-341 Martemper 250 € 240 Jan. 1958 65 
P3438 Direct quench 250 240 Jan. 1958 65 
P-344 Direct quench 250 240 Jan. 1958 65 
l-348 Direct quench 250 240 Jan. 1958 65 
[351 Martempet 350 340 Jan. 1958 62 
T-356 | Martemper 350 340 Jan. 1958 62 
T-357 Martemper 450) 140) Feb. 1958 60 
T-359 | Martemper 450) 440) Feb. 1958 60 
T-369 | Martemper (oil 250 240 Feb. 1958 65 
[-377 | Direct quench 350 340 (4 br May 1958 2 
[378 Direct quench 350 340 (4 hr May 1958 6 
r-3*4 Direct quench 475 (23 hi 165 (4 pr May 1958 59 
_3*6 | Direct avencl 475 23 hr 465 (4 br May 1958 59 
F-302 | Nitride Not applicable 4 975 Mar. 1957 67 
F-305 Nitrick 975 Mar. 19 70 
F-316 Flame Plate, 975 May 1957 72 
tungsten carbide 
F-317 Flame plate 975 May 1957 72 
tungsten car bi 
F-322 | Nits 2 stace 97 Mar. 1957 t 
F-323 | Nitride, 2 st 97 Mar. 1957 6 
F-325 Nitride, 2 G7 Mar’ 194 65 
F-327 Nitride, 2 ‘ 7 Mar. 1957 67 
F-330 Nitrid 97 Apr. 1957 6, 
I -333 Niti 7 Apr. 1957 i] 
F-34¢ Nit 975 Apr. 1957 67 
F349 Nitr O75 July 1957 72 
F-352 | Electroy , Cr 400 (5 hi Jan. 1958 6S 
F-358 Electro Cr 4100 (5 hr Jan 1058 68 
F-360 Nitric 975 July 1957 67 
F-361 Nitr 97 July 1957 69 
F-363 Nitride Q7 July 1957 oY 
» All gage hlocks were nominally 2 in. X!3¢ in. X36 in. 
b Stress relief was applied to all gage blocks after finish machining and prior to 


final lapping 


This 


ers and « 


val 


onverted to Re 


represents 


hardness of the case or coating 
Where appropriate, hardness was measured with a micro tester such 


i This applies from F-302 through F-363. 


e The 
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1 of time held at final temper is uncertain. 


where 


ipplicable. 
is the Vick- 





1030° F produced a case about 0.009 in. thick. Dis- 
sociation of the ammonia was maintained at 20 to 25 
percent. As the result of nitriding, the blocks grew 
different amounts in each of the three directions; on 
the order of 0.0025 in. in the 2 in. dimension, 0.0020 
in. in the 1% dimension, and 0.0015 in. in the *% in. 
dimension. 

The two stage Floe process was also employed in an 
attempt to reduce or eliminate the white layer formed 
with conventional single stage nitriding. In this 
process, the first step consisted of nitriding for 20 to 
24 hr at 1000° F with a dissociation of 20 to 25 per- 
cent. Thereafier, the temperature of the retort 
was raised to 1050° F and cracked ammonia blended 
with the uncracked ammonia to give a dissociation 
of 75 to 80 percent. The second stage was main- 
tained for about 24 hr. 

The microstructures of a nitrided case produced 
by the single stage method are shown in figure 2. 
The hardness of the case nitrided by the single stage 
process exceeded 1260 KHN (Knoop Hardness 
Number, 200 g load) over its entirety. The hard- 
ness of the case produced with the two siage process 
was somewhat less than the case formed wiih single 
stage nitriding. Immediately adjacent to the surface 
the hardness was 880 KHN, the greater portion of 
the case had a hardness of 1020 KHN, and next 
to the core, hardness fell to 930 KHN (500 g loads). 
All of these values are appreciably greater than the 
minimum of 65 R, specified for gaging surfaces. 

In the grinding and lapping operations applied 
to the gaging surfaces after nitriding, approximately 
(0.0025 in. was removed, which left from 0.006 in. 
io 0.007 in. of the case. The finish produced on the 
niirided 410 blocks by commercial lapping is worthy 
of note. It was superior to finishes produced on 
hardened 52100 sieel, but took about one third more 
time for the removal of equivalent amounts of siock. 
The final microfinish, as measured with a tracertype 
surface roughness instrument, closely approached 
zero. Wringing characteristics were excellent. An 
interferogram of the surface of one of these blocks 
and a photograph of the surface of another is shown 
in figure 3. There was a sharp interface and an in- 
termediate zone of nitrogen diffusion between the 
case and the core (fig. 2), which was unlike the grad- 
ual blending associated with the miirided case of 
Nitralloy. This type of interface is generally be- 
lieved to be a plane of weakness in the steel and a 
region where spalling can occur easily. After re- 
moval of the white layer, several blocks were sub- 
jected to rough handling, including severe grinding 
and impact deformaiion of lapped surfaces, and no 
spalling occurred. The mild mechanical service io 
which this type of gage block should be subjected 
further reduces the possibility of trouble from 
spalling. 

The corrosion resistance of the case is different 
from that of the original steel. As can be seen from 
the microstructure in figure 2, dilute nitric acid and 
Vilella’s reagent attack the nitrided layers more 
readily than the ferritic matrix. On the other hand, 
the nitrided surfaces are less subject to coating by 
tinted surface films in such processes as siress reliev- 
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ing in a cracked ammonia atmosphere. Nitrided and 
lapped surfaces with no protective wrapping, oil or 
wax film, or other corrosion preventive treatments 
have been exposed for two years under normal indoor 
conditions of humidity and temperature in the atmos- 
phere of Washington, D.C., and have shown no 
tendency to become dull or to rust. 

The single stage nitriding treatment was applied 
to two series of blocks that were fabricated differently 
after nitriding. In one series the nitrided layer was 
completely removed from the four nongaging faces 
by grinding parallel to the 2 in. dimension. In the 
other series, only about 0.002 in. was ground from 
each nongaging surface so as to produce a bright 
nitrided finish. The first series, as a result, was 
finished with nitrided cases on the two gaging faces 
only, while the second series had nitrided cases all 
over. 

In a third series, the blocks were nitrided by the 
two stage process, and the four nongaging surfaces 
were not ground or otherwise disturbed after 
nitriding. 


4.4. Hard Coatings 


Both the 52100 and the 410 stainless were coated 
with hard-facing materials in four different ways: 
1, Thermal spraying with a nickel-chromium-boron 
alloy; 2, flame plating with tungsten carbide; 3, 
flame plating with aluminum oxide; 4, electro- 
plating with chromium. In each instance the base 
material was in the annealed condition. The stability 
of the 410 stainless thermally sprayed with nickel- 
chromium-boron is not reported in this paper because 
the blocks required additional shortening and the 
final lapping has not been completed. No report is 
made on these two steels flame plated with aluminum 
oxide because of the difficulties of obtaining a good 
interferometric fringe pattern on this surface. The 
same difficulties were not experienced on blocks of 
solid aluminum oxide incorporated into the measuring 
program at a later date. Deiails of each coating and 
the methods of application are given in appendix B. 
Subsequent siress relief treatments and the final 
hardness of each coating are given in table 4. 


4.5. Fabrication 


The hardening and stabilization of the 52100 steel, 
the nitriding of the 410 stainless, and the chromium 
electroplating were carried out in laboratories of the 
National Bureau of Standards. Thermal spraying 
of nickel-chromium-boron alloy and flame plating 
with tungsten carbide were applied by commercial 
firms. All machining operations except lapping were 
performed in the Bureau’s machine shop. Lapping 
was done by several commercial firms * in accordance 
with the best commercial practices. The procedures 
for grinding and other details of fabrication are given 
in appendix C. Considerable care was exercised in 
fabricating these blocks and recording the details 
thereof, because of the potential significance attrib- 
uted to residual siress patterns induced bv these 
processes. 


‘Brown & Sharpe Co., Dearborn Gage Co., 
Whitney Co., Inc. 


DoAll Co., and Pratt and 


181 











FiacurRE 2. Microstructure of nitrided 410 stainless steel. 


Dual etch: 1° Nital followed by Vilella’s Reagent. 

A. 1. White layer; 2. Nitrided case; 3. Intermediate zone; 4. Core; 259. 

B. Case. White layer is at the top and appears gray with etchants used. 1000, 
C. Intermediate zone and core. 1000. 
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FIGURE 3. 


A. Interferogram (courtesy the DoAll Co.). 
B. Reflection frcm mirror-like surface. 


5. Metrology 
+! 5.1.4 Development of the Measuring Technique 


The measurement phase of the stability program 
required a testing technique that would provide 
frequent measurements of a large number of test 
samples and precision of length measurement on the 
order of 2 parts in 10 million. 

The degree of precision would determine the time 
interval required to acquire significant data indi- 
cating change of length of the test samples. Fre- 
quent measurements would provide information on 
the nature of the change. As the test samples are 
2 in. in length, a practical limitation to the error of 
measurement of 0.4y in. was established as a goal 
(0.2u in./in.). 

To establish the change in length of the test 
samples it was necessary to define a length scale 
whose stability characteristics were known. An 
ideal procedure would be to compare the sample 
with a length scale formed by the interference of 
light of known wavelength. It is generally believed 
that a wavelength of light, \, is constant in time 
and may be expressed by 


a 


where ¢ is the velocity of light in vacuum, 
uw is the index of refraction of the material 
through which the light is transmitted, 
v is the frequency of light radiation. 











Nitrided surfaces on initially annealed 410 stainless steel. 


The interference fringe interval is about 250 my. , 
The form of chart has no significance other than to provide an image for reflection. 


Procedures and instrumentation are available that 
provide such absolute measurements of the test 
samples [14]. Although the Bureau is now engaged 
in the development of procedures and instrumenta- 
tion to achieve precision in such absolute measure- 
ments to 1 or 2 parts in 10 million, the best that 
could be done when the stability program was initi- 
ated was 1 part in 1 million. 

The precision of such measurements is limited by 
the differing effects of temperature on the sample 
and the interference scale formed in the air sur- 
rounding the sample. The index of refraction of air 
is dependent upon temperature, so from the equation 
it is observed that the wavelength of light is depend- 
ent upon temperature. For visible light in an ap- 
proximate standard atmosphere (760 mm Hg, 68° F), 
the wavelength scale might be considered as having 
a coefficient of expansion approximately %o that of 
steel, which was the material used for most of the 
stability samples. In addition, problems are en- 
countered if the temperature of the measurement 
area is not stable. Because of thermal lag, the 
temperature of the air in which the wavelength scale 
is formed will, in general, be different than the tem- 
perature of the sample. For example, Evans [15] 
reports the thermal lag time of a polished iron 
cylinder of 2 cm diam immersed in air to be 2,000 
sec., causing the axial temperature of the rod to 
differ from air by 1.0°F when the temperature of 
the air is increasing 1.8°F per hour. Thus the 
relationship between the sample and the wavelength 
scale is critically dependent upon temperature, and 
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the effectiveJtemperature of the sample can be diffi- 
cult to determine as the axial temperature of the 
sample is likely to differ from its surroundings. 

One method of avoiding difficulties of this nature 
is to resort to comparison measurements where the 
length of the test sample is compared with a standard 
length having thermal properties similar to those of 
the sample. A specially designed optical interference 
comparator [16] of a type originally developed by 
Késters [17] was available that could be relied upon 
to provide precision to approximately 1 part in 10 
million. As most of the test samples were steel 
blocks 1% in. % in. x2 in. long, it was considered 
highly desirable to select as a standard of length a 
steel gage block with the same cross sectional size 
and nominal le ngth and having a long history of 
absolute length measurements to indicate stability. 

Absolute measurements made at irregular periods 
since January 1954 on a 2 in. steel gage block serv ing 
as a length standard for the NBS Engineering Metrol- 
ogy Section indicated it to be exceedingly stable. 
The curve best fitting the measurement data indi- 
cated that its growth had not exceeded 0.2 w in. 
since the measurement series began. This gage block 


was chosen as the basic reference length ‘for the 
stability measurement program. Since the initia- 


tion of the program this block has been subjected 
to more frequent absolute length measurements. 
These recent measurements continue to justify its 
choice as a stable standard. 

The difficulty encountered in using the interference 
comparator the measuring instrument was an 
insufficient testing capacity to measure all the test 
samples as frequently as desired. For test samples 
of 2 in. length, a minimum time of 4 hr is considered 
necessary between the operation of wringing the 
test specimen to the platen and the comparison of 
this specimen with the master gage block. This 
interval believed necessary to “allow the test 
specimen to attain thermal equilibrium with the 
master block and to allow the wringing film to attain 
its minimum thickness in case more wringing lubri- 
cant is used than necessary. During this time 
interval, it is necessary to maintain the platen in the 
location occupied during the measurement. Thus, 
the need for this time interval limited the test capac- 
ity of the interferometer. 


as 


1S 


is 


During the initial months of investigation of any 
specimen, it was desired that its length be determined 
weekly. Thus it was foreseen that a test program 
having a capacity of 50 measurements a week was 
required. The classical methods of precise length 
comparison rely upon the comparison of static lengths 
and are time consuming because they require thermal 
equilibrium. The most apparent solution to the 
problem of increasing test capacity was to abandon 
the concept of static length comparisons and re place 
it with the concept of dynamic length comparisons. 
In general, such comparisons had not been re‘ined 
to a degree giving the precision that was required. 
It was questionable whether the instrumentation 
usually employed in such comparisons would provide 
the necessary repeatability. 





Figure 4 indicates schematically a typical mechan- 
ical comparator employed in dynamic length com- 
parisons. The measuring styluses are mounted in 
reed spring systems to avoid binding that could be 
encountered in piston-cylinder arrangements. A 
core of a moving core transducer is mounted on each 
stylus. A moving core transducer consists of a 
primary coil and two oppositely wound secondary 
coils. The relative potential induced in each 
secondary is dependent upon the position of the core, 


- PRIMARY 





SECONDARY 
C—> MEASURING STYLUS 


TEST BLOCK 














— ANVIL 
AMPLIFIER - 
— MEASURING STYLUS 
REED SPRING 
FicguRE 4. Elements of a mechanical comparator of lengt.s. 
; ra : fd. by es 
Thus, the position of the stylus is indicated. 


Amplification of the signal is provided so that de- 
flection of the milliammeter needle magnifies move- 
ment of the stylus by approximately 2 10°. In 
this instrument the top and bottom transducers 
provide opposing signals of equal magnitude so that 
effects of translation of the test piece in the direction 
of its critical length are cancelled in the combined 
signal. This reduces the need for extremely critical 
seating of the test piece on the anvil. Comparison 
of length is accomplished by noting the difference in 
readings of the calibrated scale as the test pieces are 
successively positioned between the measuring 
styluses. This type of comparison is referred to in 
this paper as a dynamic comparison because of the 
handling and transportation of the test piece just 
prior to the measurement, which in general, will cause 
growth or shrinkage due to change of thermal con- 
ditions. Attempts are usually made to control these 
thermal changes within practical limits. 

In determining whether or not this type of length 
comparison would provide the precision necessary for 
the stability measurements, it was necessary to 
distinguish errors in comparison caused by lack of 
control of the dynamic effects from those due to the 
inherent randomness of the measuring instrument. 
The former could possibly be reduced to within 
acceptable limits, whereas the latter would establish 
the limit of precision that could be obtained with 
available instrumentation. 

An indication of what might be expected in inher- 
ent randomness of the mechanical comparator was 
obtained in an acceptance test conducted when the 
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instrument was purchased. This test measured the 
relationship between the meter reading and the 
pressure exerted by the measuring stylus, and 
avoided the effect from dynamic changes mentioned 
as it is independent of length. The results indicated 
that the inherent randomness of the instrument 
might possibly be limited to 0.5 uw in. in comparisons 
of length. If this magnitude was a true indication 
of the instrument’s potential performance in length 
comparisons, it was considered possible to achieve 
the desired precision provided thermal effects could 
be controlled to effectively eliminate or nullify the 
dynamic changes in length of the test specimens. 


5.2. Concepts Applied in the Measurement 
of Dynamic Length 


To effectively eliminate the dynamic changes, the 
comparison of test specimens would be required 
under temperature conditions that restricted temper- 
ature variation of the specimens to less than 0.02° F. 
This seemed impractical. An approach to the prob- 
lem was selected that attempts to nullify the dynamic 
changes in the comparison. It was reasoned that 
if test specimens to be compared could be treated 
identically during the comparison and if the speci- 
mens responded to thermal variation in an equal 
manner, dynamic changes of length could be nullified. 
Therefore the test specimens were divided into 
groups, all blocks in a group having similar thermal 
properties. One block of each group was selected 
as a secondary master. As the secondary masters 
would in general have different thermal charac- 
teristics than the primary master block, it was 
planned to compare the secondary masters with the 
primary master by using the interference comparator 
The secondary masters would then be used in dy- 
namic comparisons with test specimens of their 
respective groups using the mechanical comparator. 


Traditionally the secondary master would be | 


compared with each test specimen in its group. 
This technique, however, gives special emphasis to 
the test specimen that was designated as a secondary 
master and thus violates the requirement of equal 
handling of all test specimens to nullify dynamic 
changes occurring during the comparisons. A more 
appropriate comparison system is one that has been 
used at NBS for the comparison of line standards 
of length with the national standard of length [18]. 


TABLE 5. 





In this system, the master is handled as one of the 
test specimens of a group. All possible comparisons 
of specimens within the group are made to form one 
intercomparison test. If the group consists of n 
specimens, n(n—1) comparisons are made of n(n—1)/2 
pairs. For example table 5 indicates the compari- 
sons to be made of a group containing four specimens, 
the secondary master A and test specimens B, C, 
and D. 

A possible method of reducing the data is to sum 
the columns and divide by the number of specimens 
in the group; e.g., (2/4).5 This provides an average 
length of the specimen represented by the column 
relative to an average length of specimens within 
the group. The final results are obtained by form- 
ing all differences of column footings; i.e., the length 
of any specimen within the group relative to the 
length of any other specimen within the group is 
determined. Thus the lengths of B, C, and D can 
be determined relative to the length of the secondary 
master A and equal handling of all blocks of the 
group can be maintained. Each final result (dif- 
ference in column footings) is then subtracted from 
the appropriate direct measurement; e.g., the column 
footing of B minus the column footing of A is sub- 
tracted from the actual measured comparison B—A. 
This provides a residual. A group of n test speci- 
mens provides n(n—1) residuals that may be used 
to evaluate the precision of the results of an inter- 
comparison test which consists of n(n—1) compari- 
Sons. 

Conventionally, the sum of the squares of the 
residuals is determined and the probable error or the 
standard deviation computed. A multiple of this 
value is considered to represent a limit to be assigned 
to the test result. A prediction is made that a cer- 
tain percentage of repeated tests of the same speci- 


5 The usual statistical approach is to immediately reduce the measurement 
data by a least squares method which involves averaging the data obtained in 
the two measurements involving a given pair. Then the value appearing below 
the diagonal is the mirror image of the value of the reverse comparison appear- 
ing above the diagonal. This provides greater precision in the result as it em- 
ploys all measurement data involving a given specimen in evaluating its result. 
However, this procedure can mask the presence of bias such as drift. In the 
initial development of the measurement technique, precision of results was of 
secondary importance to the information concerning systematic errors that could 
be derived by analysis of the spread of the actual comparisons. By initially 
employing the method of data reduction shown in table 5, the characteristics of 
the drift error were more apparent and a decision could te made as to whether 
particular measurement sequences, which are sometimes inconvenient, were re- 
quired. In section 5.3. and appendix D, an evolution from this simple program 
to the employment of least squares solution and the type of measurement se- 
quence finally utilized is described. 


Comparisons performed in an intercomparison test on a group containing four specimens 


A B Cc D 

A . B-—A C—A D-A 

B A-B * C-—B D-—B 
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mens, using the same measuring technique and 
equipment, will provide a similar test result within 


plus or minus this limit. For instance, it is usually 
accepted that three times the standard deviation 
will provide a limit within which 99.7 percent of the 
test results of a given specimen will be similar. This, 
in general, is a fallacy as such a condition depends 
upon the residuals being centered on zero and having 
a normal or Gaussian distribution. 

Therefore, to obtain a better insight of the prob- 
able precision of the results of an intercomparison 
test and to possibly diagnose the type of measure- 
ment error occurring during an intercomparison test, 
it was decided to plot frequency distributions of the 
residuals, i.e., the magnitude of each residual plotted 
against the number of occurrences. It soon became 
evident that these distributions could serve as a 
powerful tool in the development of a satisfactory 
measuring technique. First, they allowed for a 
better estimate of the meaning of calculated prob- 
able error or standard deviation in regard to the 
precision of the results of an intercomparison test. 
Second, they indicated the success achieved in elim- 
inating bias from the comparison procedures and 
indicated whether this success was temporary or was 
consistent in repeated intercomparison tests. Third, 
they served as a basis for hypothesizing the source 
of error and then served to indicate the effects of 
test refinements introduced in attempts to eliminate 
or nullify these sources. 

The general procedure used in refining the com- 
parison techniques was first to hypothesize from the 
residual distribution the nature of the systematic 
and random error. Then, when possible, the se- 
quence of the comparisons was changed in an attempt 
to nullify the systematic error in the final results. 
When successful, a truer picture of the nature of the 
systematic error was obtained from the frequency 
distribution of the residuals. Attempts were then 
made to eliminate the systematic error from the 
comparisons until a random distribution of residuals 
was indicated. Even if systematic errors are nulli- 
fied in the final results there is an advantage in elimi- 
nating the systematic errors from the individual 
comparisons. This can be accomplished by modifi- 
cation of the test procedure or fixtures in such a way 
as to eliminate the hypothesized systematic errors, 











or in some cases can be accomplished by variation in 
the treatment of the data; e.g., employing a least 
squares solution in the data reduction. When more 
random distributions are obtained as a result of such 
action, it not only verifies the hypothesis of the sys- 
tematic error but provides frequency distributions 
of residuals that can more adequately indicate the 
origination of new systematic error in succeeding 
intercomparison tests. An example of this type of 
approach in the refinement of the testing technique is 
treated in appendix D. 

First, with ten specimens and then with eleven in 
an intercomparison group, the comparison sequences 
were changed and, where indicated by frequency dis- 
tributions, modifications were made in handling of 
the test specimens and in the test fixtures. Section 
5.3. contains some specific examples of such refine- 
ment and includes some examples of frequency dis- 
tributions obtained during the development of the 
testing technique. Figure 5 indicates typical fre- 
quency distributions obtained during the initial (fig. 
5A) and more advanced (fig. 5B) phases of the de- 
velopment of a satisfactory measuring method for the 
stability project. 


5.3. Statistical Control 


One of the important features in the development 
of the measurement method was the use of the results 
of statistical analyses of the data to guide the evolu- 
tion of a measuring technique. The measuring tech- 
nique and the least squares method of data reduction 
finally employed actually evolved from a series of 
modifications in procedure and equipment made on 
the basis of information obtained from the statistical 
analyses. This statistical approach was then further 
utilized as a control in monitoring the measuring 
technique to insure continuing uniformity. 

A number of examples illustrate such utilization 
of these statistical analyses in the stability measure- 
ment program. The first of these involves a modifi- 
cation of the comparison schedule (order in which the 
110 comparisons which make up an intercomparison 
test are performed) based on information obtained in 
the statistical analyses of the data. Utilizing the 
method of computation illustrated in table 5, the 
frequency distributions of the residuals in some of 
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Ficure 5. Example of frequency distributions of residuals obtained in two intercomparison tests. 


A. Typical distribution obtained from an intercomparison test conducted during the initial development phase of the measuring technique. 
B. Typical distribution obtained from an intercomparison test conducted during a more advanced development phase of the measuring technique. 
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of the early intercomparison tests in the program 
showed that the medians of these distributions were 
located at some point other than zero. This indi- 
cated a systematic error or drift which caused the 
system Me quite consistently give either a larger or a 
smaller reading on each successive insertion of a 
sample into the comparator. An example of a dis- 
tribution evidencing such a condition is shown in 
figure 6 where the median of the distribution is in- 
dicated by the arrow. This particular distribution 
obtained in one of the early intercomparison tests 
indicates a drift of three 10-millionths of an inch. 
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Ficure 6. Frequency distribution of residuals obtained from 


an intercomparison test showing the presence of a drift effect. 
Arrow indicates median of distribution. 


To understand why the detection of this drift effect 
through statistical analysis of the data led to a change 
in the comparison schedule, it should be noted that 
there are two possible comparisons between any two 
sample blocks. Thus if the two blocks are block A 
and block B, the two comparisons would be block B 
against block A and block A against block B. 
B against A comparison is made by placing block A 
in the comparator, obtaining a scale reading, and 
then placing block B in the instrument and again 
noting the scale reading. Subtracting the reading 
on block A from that on block B gives the result of 
the first comparison, block B minus block A. 
Similarly, the second comparison results in block A 
minus block B. Now, however, if the drift effect 
causes the system to give a larger or smaller reading 
on each subsequent block, it is quite evident that the 
first comparison results not in block B minus block A, 
but in block B minus block A plus a drift factor 
which is either positive or negative. Similarly, the 
second comparison gives block A minus block B plus 
a drift factor. The first effort to overcome this drift 
was an effort to insulate the final results of the inter- 
comparison test from the drift effect. If the drift 
was constant in time, it would, in fact, be a constant 
error and would be nullified automatically and not 
affect the final results. (See footnote 13, appendix 
D.) Its effect on each measurement which would 
appear in the residuals could also be eliminated by 
employing a least squares solution in reducing the 
measurement data. This involves the 


° Employing the method of least squares solution in the reduction of the data 


would force the medians of the frequency distributions of residuals to zero and 
could reduce and possibly distort the indication of drift shown by the residuals. 


The | 








following | 
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averaging procedure applied to the measurement 
data before the columns are summed. Consider again 
blocks A and B and let them have actual lengths 
a and 6 respectively. Let the drift effect contribute 
a variation in the length determinations of an amount 


adt. Then the first comparison gives as a result 
(b—a+adt) and the second comparison gives 
(a—b+aAt). Now if the result of the second com- 


parison is subtracted from that of the first, and this 
quantity then divided by two, the drift effect is 
eliminated and for the first comparison the adjusted 
observed result, (b>-—a), can be substituted. Similarly 
the negative of this, (a—)), is obtained as an adjusted 
observed result for the second comparison. 

On detection of this drift effect, such a least squares 
solution was quickly introduced into the data 
processing. However, at the time this drift was 
detected, the comparison schedule then employed 
called for a considerable lapse of time between the 
first and second comparisons on each pair of blocks. 
It was then thought quite possible that the drift 
would in general be a nonlinear function with respect 
to time, and in this case, of course, the least squares 
proc edure would be ineffective in eliminating the 
influence of the drift effect upon the residuals. In 
addition it was believed that a more appropriate 
schedule of comparisons could be used to effectively 
eliminate such a nonlinear drift from the results of 
the intercomparison tests. For this reason, the com- 
parison schedule was modified in such a way as to 
follow the form shown in appendix D, table 10. This 
schedule was in turn modified to follow the form 
shown in appendix D, table 11 when it was recognized 
that successive comparisons of a pair of blocks could 
cause inhomogeneous comparison data. Thus the 
detection of the drift effect through statistical 
analysis led directly to a modification in the measure- 
ment program. 

The statistical analyses of the data resulted in a 
number of other modifications of the measuring 
technique which are not here included, but an 
example of how a modification in the actual handling 
of the sample blocks resulted from information 
obtained in the statistical analyses might be illustra- 
tive. As was indicated above, the measurement of 
dynamic length depends to a very great extent on a 
symmetry of handling of the samples being measured. 
The symmetry of handling employed in the stability 
measurements evolved largely from consideration of 
the statistical controls. At an early stage in the 
development of the measuring technique here em- 
ployed, it had been determined that in making the 
two comparisons between any pair of blocks it was 
necessary to physically handle the two blocks 
together as a pair rather than individually. Thus, 
in making the comparisons the two bloc ‘ks involved 
in any two comparisons would be picked up together 
with the gloved hand and placed in the comparator.’ 


7 When it was realized that blocks were to be handled in pairs, it was decided 
to employ, if possible, the operator’s hand as a tool to convey the blocks through 
the comparison procedures. Other tools, such as tongs, introduced too great a 
possibility that mechanical shock, because of accidental dropping, would be 
introduced as an uncontrolled factor affecting stability. To minimize thermal 
effect, cotton flannel gloves were used. 
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The first and then the second comparison would be 
made and the blocks then returned as a pair to the 


storage area. Such a handling procedure, it was 
believed at the time, resulted in the two blocks in any 
comparison receiving equal, symmetrical handling. 
Examination of the residual frequency distributions 
obtained at this time, however, indicated that the 
manner in which the blocks were held in the gloved 
hand had a significant effect on the residuals of the 
intercomparison tests. At the time this effect was 
noticed, the blocks were being held as illustrated in 
the upper portion of figure 7 with one block of the 
pair exposed to the palm of the glove insulated hand. 
The residual distribution obtained in an intercom- 
parison test in which this handling technique was 
employed is shown in figure 8. It should be noted 
that the total distribution is plotted at the bottom 
of the figure, and this distribution is then broken 











Figure 7. Manner of handling two gage blocks for comparison 
measurement. 
Top—Handling that produced asymmetrical thermal effect 


Bottom—M odification employed to correct asymmetrical condition 
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FiGgurRE 8. Frequency distribution of residuals obtained in an 


intercomparison. test. 


Handling introduced asymmetrical thermal effects as shown by separation of 
medians 
lop 
Center 

Bottom 


Distribution obtained from second comparisons of pairs of gage blocks. 
Distribution obtained from first comparisons of pairs of gage blocks. 
Total distribution of residuals. 


down into the two distributions shown in the upper 
portion of the figure. The distribution of residuals 
resulting from first comparisons between each pair 
of blocks is shown in the central plot, while that 
obtained from second comparisons is plotted at the 
top of the figure. It can be seen that the medians of 
the first and second comparison distributions, shown 
by the arrows, are not alined, but are separated by 
seven 10-millionths of an inch. 

The asymmetry suspected as the cause of the split 
between the medians of the first and second com- 
parison distributions shown in figure 8 was in the 
handling of the blocks; one block was exposed to the 
palm of the gloved hand while the other block was 
not so exposed. This can be seen in the illustration of 
the handling technique at that time employed, as 
shown in the upper portion of figure 7. This 
suspicion led to changing the manner in which the 
blocks were held to that shown in the lower view of 
figure 7. When this handling technique was em- 
ploved the residual distribution shown in figure 9 was 
obtained. Here, the medians of the first and second 
comparison distributions are separated by only one 
10-millionth of an inch indicating that the asym- 
metry has been sharply reduced. This shows how 
the use of the statistical controls led to a modification 
of the actual handling techniques emploved. 

One further example of the application of statisti- 
cal control to the intercomparison tests will illustrate 
how statistical analyses can be effectively used to 
monitor the measuring technique and detect break- 
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Ficure 9. Frequency distribution obtained from an _ inter- 
comparison test when handling was modified to correct asym- 
metrical condition. 


Close alinement of the medians shows absence of asymmetrical condition. 
Top— Distribution obtained from second comparisons of pairs of gage blocks. 
Center— Distribution obtained from first comparisons of pairs of gage blocks. 
Botton—Total distribution of residuals. 


downs in the technique which might not otherwise 
be evident. 

After a series of modifications in technique finally 
resulted in the development of a satisfactory inter- 
comparison procedure, this procedure was employed 
on all the intercomparison tests and regularly gave 
residual distributions comparable to that shown in 
figure 9. Then, after a considerable number of 
intercomparison tests had been run using this 
procedure, the residual distribution shown in figure 10 
was obtained. This again indicates, by the split 
between the medians of the first and second com- 
parison distributions, that an asymmetry was present 
during this particular intercomparison test. A similar 
asymmetry was evidenced in the residual distribu- 
tions of succeeding intercomparison tests indicating 
that some breakdown in the system had occurred. 
Careful examination revealed that actually there had 
been an asymmetry in the comparison procedure all 
along but that its effects had been eliminated from 
the earlier intercomparison tests by other precau- 
tions, and that these precautions had now broken 
down causing the asymmetry to be revealed. As 
indicated above, the gage blocks during comparison 
were always handled in pairs and gloves were 
employed for this handling to insulate the blocks, to 
a certain extent, from the hand. To get the two 
blocks of a pair together, since the blocks were 
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Fiaure i0. Frequency distribution of residuals obtained in an 
intercomparison test when a breakdown of test fixtures activated 
a dormant asymmetry in technique. 
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Separation of distribution medians shows the presence of an asymmetrical 
condition. 


Top— Distribution obtained from second comparisons of pairs of gage blocks. 
Center— Distribution obtained from first comparisons of pairs of gage blocks. 
Bottom—Total distribution of residuals. 


spread out on a storage area, it was necessary to 
pick up first one block and then the other. Thus, 
the first block picked up was given more time to be 
affected by the handling before its measurement 
than was the second block and this is an asymmetrical 
condition. The gloves had been used from the start 
to minimize the effects of handling, but at the time 
this asymmetry was detected, it was noticed that 
the gloves employed had become worn and impreg- 
nated with foreign material. It was suspected that 
in this condition the effectiveness of the gloves in 
shielding the comparisons from the asymmetry 
involved in picking up the blocks one at a time was 
reduced. 

To determine whether this was indeed the case, 
the handling technique was modified in the following 
way. In previous tests, the gage blocks had been 
picked up one at a time from the storage area and 
placed on a loading stage so that the pair could then 
be picked up together for the comparisons. This 
procedure was modified by using a pair of tongs to 
pick up the blocks one at a time from the storage 
area and place them on the loading stage. The tongs 
were then put aside and the pair of blocks were 
picked up together from the loading stage as before, 
with the gloved hand. The comparisons were then 
made just as before. 

This modification of the handling technique 
removed the gloved hand from the asymmetrical 
initial portion of the handling procedure and hence 
if the sudden appearance of the asymmetrical 
condition was due to the failure of the gloves, the 
asymmetry should have been eliminated with this 
modification. That this occurred is illustrated by 
figure 11 which shows the residual distribution 
obtained when the tongs replaced the gloved hand 
in the initial asymmetrical portion of the handling 
procedure. This modified technique was then 
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Figure 11. Frequency distribution of residuals obtained in an 


intercomparison test when modification in test fixtures was 
introduced to correct an asymmetrical condition. 


Close alinement of the medians shows absence of asymmetrical condition. 
Top—Distribution obtained from second comparisons of pairs of gage blocks. 
Center—Distribution obtained from first comparisons of pairs of gage blocks. 
Bottom—Total distribution of residuals. 


adopted for all subsequent intercomparison tests, but 
this example illustrates how statistical control was 
employed to detect a breakdown in the technique 
and indicates the value of continuing to employ such 
control as a monitor of the measurement method. 
This type of statistical control is, however, ineffec- 
tive as a monitor in detecting certain types of non- 
uniformity in the measuring method. In particular, 





it will not detect variation in measurement technique 
which results in a change in the relationships between 
lengths of the blocks of an intercomparison group 
when these changed relationships continue through- 
out the time interval of one complete intercomparison 
test. An example of this type of variation in pro- 
cedure occurred during the testing of one intercom- 
parison group of gage blocks. Intercomparison tests 
had been run on this particular group for a period 
of several months. The regularly employed pro- 
cedure was used in each intercomparison test, but on 
the date of one test an interferometric measurement 
of one block in the group was planned for the same 
date on which an intercomparison test was to be run. 
The normal procedure for an intercomparison test 
called for the eleven blocks in the group to be placed 
on the storage area of the intercomparison test equip- 
ment the night before the intercomparison test was 
to be run and left there overnight until the test was 
begun in the morning. The normal procedure for 
the interferometric measurement called for the plac- 
ing of the block to be measured in the interferometer 





the night before the measurement was to be made. | 
However, since the interferometric measurement of | 
the one block in this set would only take a few min- | 
utes in the morning before the intercomparison test, | 





it was decided to proceed with the interferometric 
measurement and the intercomparison test both on 
the same day. Thus the block to be measured inter- 
ferometrically, the F302 block, was placed in the 
interferometer the night before the date of the two 
tests and left there overnight, while the other 10 
blocks in the group were placed on the storage area 
of the intercomparison test equipment and left there 
overnight just as the normal procedure required. 
In the morning, the F302 block was measured inter- 
ferometrically and was taken from the interferometer 
and placed on the storage area with the other 10 
blocks, a horizontal movement of approximately 
6 ft within the constant temperature room. An 
hour later the intercomparison test was begun fol- 
lowing the normal procedure and this test took per- 
haps 4 hr. Calculation of the data and plotting of 
the residual distribution gave the distribution shown 
in figure 12, which shows an excellent distribution. 
However, when the relationships between the F302 
block and the other blocks in the group were ex- 
amined, the results of this intercomparison test ap- 
peared anomalous. This is illustrated in figure 13, 
where the differences in length are plotted for the 
following blocks: F323 minus F302, F327 minus 
F302, and F330 minus F302. These data were deter- 
mined in successive intercomparison tests on the 
group containing these blocks. The plotted points 
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FiGurRE 12. Frequency distribution of residuals obtained in an 


intercomparison test which produced anomalous results. 


Notice that the distributions do not indicate the effect which produced the 
anomaly. 

Top—Distribution obtained from second comparisons of pairs of gage blocks. 

Center— Distribution obtained from first comparisons of pairs of gage blocks. 

Bottom—Total distribution of residuals. 
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Figure 13. Jilustration of anomalous results obtained in one 
intercomparison test in which the F302 gage block received a 
different handling prior to the test. 


indicate the values obtained for these differences in 
ach particular intercomparison test. The values 
obtained in the test here in question are marked on 
each graph by the small arrows. It can be seen that 
the values obtained in the intercomparison tests pre- 
ceding this one show a certain consistency. The 
test in question, however, in each case gave a value 
several ten-millionths of an inch lower than the pre- 
viously consistent values. Yet the only variation 
in testing procedure noticed was the different treat- 
ment afforded the F302 block prior to the intercom- 
parison test, occasioned by the procedure involved 
in its interferometric measurement. To determine 
whether this variation was indeed the significant 
factor, another intercomparison test was run on this 
same group of blocks four days later, with care being 
taken that the normal procedure was followed 
throughout the handling and the test. The values 
obtained in this and subsequent intercomparison 
tests are shown in figure 13 to the right of those 
marked with the small arrows. These values are 
again consistent with those obtained prior to the 
intercomparison test in which the variation occurred. 
Thus it appears that the anomalous results are indeed 
due to the variation in procedure which caused the 
F302 block to receive different treatment from that 
received by the other ten blocks in the group. Fur- 
ther, it should be noted that this variation went un- 
detected by the residual distributions employed as 
statistical controls (figure 12). This indicates that 
while these controls are of considerable value in 
maintaining uniformity of technique, they are, 
nevertheless, ineffective with certain types of 
variation. 





6. Results of Stability Measurements 
6.1. Method of Presenting Data 


The data obtained from the observation of stabil- 
ity are presented in figures 14, 15, 16, and 17. In 
these figures, time elapsed since final heat treatment 
is plotted against change in length. Each plotted 
point has an upper and lower limit which is the esti- 
mated precision of the determination. This esti- 
mate was based upon the statistical information 
derived from the test itself. When the frequency 
distribution of all the measurement residuals of an 
intercomparison test indicated a near normal distri- 
bution and when the residuals were limited to a 
range within 3 times the calculated standard devia- 
tion of a single reading, the evaluated precision of the 
intercomparison test was estimated to be 3 times the 
computed standard deviation of the final result. 
When the range of the frequency distribution ex- 
ceeded that to be expected from the calculated 
standard deviation, a factor of 4 times the standard 
deviation was applied as an estimate of precision. 

Large backloads at the grinding shop and time 
spent accumulating sufficient blocks for an efficient 
lap load, in some cases, caused considerable delay in 
the interval between final heat treatment (stress 
relief) and final lapping. In addition, procedures for 
measuring the blocks were being developed simul- 
taneously and were not ready until after some of the 
blocks had been completed for some time. Plotting 
the time elapsed since final heat treatment compen- 
sated for the delays and put each block on a more 
comparable basis. 


6.2. Commercial Gage Blocks 


As a basis of comparison, a total of seven 2 in. 
steel gage blocks, two from each of three manufac- 
turers and one*® from a fourth, were purchased on 
the open market and incorporated into the measuring 
program. The blocks were ordered as “AA” grade, 
the best quality available. The results obtained 
from observing the stability of these blocks are shown 
in figure 14. The abscissa for this figure is the 
number of months elapsed since purchase. While 
it would have been more desirable to have plotted 
the months elapsed since final heat treatment, such 
data were not available. All of the commercial 
blocks have become shorter, although block A of 
manufacturer 2 and blocks A and B of manufacturer 
3 initially indicated a tendency towards growth. 
There is also a considerable degree of similarity be- 
tween the stability characteristics of paired blocks 
from each manufacturer. The apparent overall 
stability of these blocks, extrapolated to a period of 
one year, ranges from a minimum of —0.7X10~° in./ 
in. to a maximum of —1.9X10-*in./in. The average 
change in length for the seven blocks is —1.110~° 
in./in./yr, which is adequate to maintain size within 
the current Federal specification for only 2 yr. It is 


8’ Two blocks were purchased, but one was unsuitable for measurement. 
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FIGURE 14. 
grade 


The stability of commercial gage blocks of “AA” 
obtained directly from four manufacturers. 


a standard procedure of some manufacturers to finish 
their blocks on the positive side of the tolerance to 
allow for what is claimed to be wear. This procedure 
could extend the time within tolerance for the aver- 
age of these blocks to 4 yr, assuming a uniform contin- 
uance of the contraction. 


6.3. 52100, Hardened 


The results of stability measurements on hardened 
52100 steel gage blocks are shown in figure 15, and 
include blocks hardened either by martempering or 
by direct quenching. The six curves plotted in 
section A represent stability characteristics of blocks 
given the lowest final temper and stress relief so as 
to obtain a hardness of 65 R,. Each block that was 
measured during the first 5 months became shorter, 
and became nearly stable for the remaining period of 
observation; block T—337 showed a slight tendency 


to decrease in length with increase in time over the 
entire period of its observation. The initial con- 
traction was more pronounced in those blocks 


measured soon after final stress relief, and very small 
or absent in blocks whose initial measurements were 
made 5 months after heat treatment. All six curves 
have similar characteristics, regardless of whether 
the blocks they represent were martempered or 
quenched. The overall change in length computed 
on the basis of one year ranges from —0.2 107° to 
—0.710- in./in. The average change for the 
six blocks is —0.410~° in./in., a value indicating 
approximately three times more stability than the 
commercial blocks. A more realistic approach is to 
compute the length epi after the sixth month, 
since the blocks appes essentially stable once the 
initial rate of te net ie has subsided. On this 








basis the minimum change, ye pg to 1 yr, 


is 0.0 and the maximum i 3 107° in./in./yr. The 
average is a very low —0.1>10~° in./in./yr, indicat- 
ing about 10 times greater stability than the com- 
mercial average, and well within the goals of +0.2 


(10~° in./in./yr set for this investigation. 
rm . . . . 
The four curves in section B and the four in 


section C of figure 15 represent the stability of blocks 
that were given final tempers and stress relief treat- 
ments at temperatures in excess of 250° F to reduce 
nominal hardness to 62 R,, and 60 R, respectively. 
These stability results were not antic ipated, for it was 
initially reasoned that the higher tempering and 
stress relief temperatures would produce a more 
stable structure and stress pattern. Instead, the 
eight blocks represented by the curves in B and C 
appear less stable than those in A. The directly 
quenched blocks in B and C (T-377, T—378, T-384, 
T-386) have not been observed sufficiently long to 
ascertain the exact shape of their stability curves. 
Although the curves for the four blocks have been 
drawn ‘linearly, they all exhibit what could be a 
tendency to flatten during the last four measure- 
ments. Nevertheless, the shapes of the curves are 
undoubtedly different from the curves of the match- 
ing martempered blocks in sections B and C (T-351, 
T-356, T-357, T-359). The four directly quenched 
blocks were the only blocks whose nongaging surfaces 
were ground perpendicular to the 2 in. dimension; 
all others were ground parallel. 
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The large surfaces adjacent to the gaging surfaces 
of two hardened 52100 gage blocks were analyzed for 
residual stresses by W. E. Littman and A. L. Christ- 
enson, The Timken Roller Bearing Co., in accordance 
with the X-ray techniques of Christenson and Row- 
land [19]. One of these blocks had been heat treated 
for maximum hardness (65 R,) and ground in a man- 
ner identical to blocks T-343, T-344, and T-348 
(section A, fig. 15). The other was prepared with a 
hardness of 60 R, in a manner identical to that used 
for blocks T-384 and T-386. The block tempered 
at 250° F to a hardness of 65 R, had a residual com- 
pressive surface stress of 14, 400 psi parallel to the 
grinding direction and 60,200 psi perpendicular to 
the erinding direction. The block tempered at 465° 
F (60 R,) had residual compressive stresses of 20,100 
psi parallel and 70,500 psi perpendicular to the grind- 
ing direction. Thus, the data indicate that the 
compressive stresses in the surfaces of the blocks 
actually increase with an increase in the tempering 
temperature from 250° to 465° F. Therefore, it is 
postulated that the process of tempering at tempera- 
tures in excess of 250° F caused a structural change 
within the block which was accompanied by a con- 
traction. The surface stresses, however, were not 
relieved at a rate sufficiently high to counterbalance 
the internal contractions, with the overall result that 
the compressive stresses in the surface were increased 
by the increase in tempering temperature. The net 
result seems to have been an unbalance between the 
subsequent structural and lattice changes and the 
distribution and size of residual stresses, which in 
turn has contributed to a growth of four blocks 
(T-351, T-356, T-357, T- 359) in sections B and C, 
figure 15. On a other hand, grinding the other 
four blocks at a 90 degrees direction has shifted the 
maxinum observed compressive stress by 90 degrees. 
It is suggested that the observed shrinkage in these 
blocks is caused by the change in the orientation of 
the stress patterns. These comments concerning the 
influence of grinding stresses are considered tentative 
and several experiments have been designed and are 
in progress which are expected to lead to a clarification 
of the problem. 


6.4. 410 Stainless, Annealed and Nitrided 


The results of stability measurements on annealed 
and nitrided 410 stainless gage blocks are shown in 
figure 16. The four curves plotted in section A rep- 
resent’ the stability characteristics of blocks nitrided 
by the two stage process and whose nongaging sur- 
faces were not ground or otherwise machined after 
nitriding. The entire group (A) exhibits similar 
stability characteristics; the slope of each curve is 
almost the same. There was practically no devia- 
tion from linearity during the entire 13 month period 
of observation, although a tendency towards addi- 
tional flattening may be indicated in the last four 
measurements. It is unfortunate that no measure- 
ments could be made prior to the twelfth month after 
heat treatment, so that the behavior of these blocks 
during the first vear could have been observed. The 
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Figure 16. The stability of nitrided, initially annealed 410 
stainless steel gage blocks. 
A. Nitrided by two stage process, nongaging surfaces left as nitrided. 
B. Nitrided by single stage process, white layer removed from nongaging 
surfaces. 
C. Nitrided by single stage process, nitrided case completely removed from 
nongaging surfaces, 


overall change in length computed on the basis of 1 
year is a consistent +0.210~° in./in./yr. This 
value just meets the degree of tolerance sought in 
this investigation. Based on a 1 year interval, 
any one of these blocks is about 3 times more stable 
than the best of the commercial blocks tested, 
times more stable than the average, and 9 times more 
stable than the least stable. 

The curves in section B of figure 16 represent data 
from three blocks which were nitrided by the con- 
ventional single stage process. The preparation of 
these blocks also differs from that in section A in that 
the white layer on the nongaging surfaces was 
ground off, so as to leave a hard, bright, nitrided case. 
The stability of these blocks is almost the same as for 
those in section A. The range is +0.1X10~° to 
+0.3 X10~° in./in./vr with an average of +0.2 107°. 
The curve for F—333 has an extremely low slope, but 
this block has been observed for only 9 months and 
the trend of the last four points is towards greater 
slope. The average of this group is equivalent to 
that of group A, but there is slightly more scatter. 

The blocks represented by the curves in section C 
of figure 16 were nitrided by the single stage process 
and differ from those in B in that all of the nitrided 
cases were removed from the four nongaging faces 
by grinding. These blocks exhibit the same trend 
towards uniform linear growth, but the rate is higher. 
The range is +0.4X10-° to +0.9X107-° in./in./yr 
with an average of +0.6X10-®. Except for block 
F-—305 each curve has a similar slope, and again the 
nonconforming curve was drawn through fewer 
points of observations. The last two or three points 
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plotted for each curve, except F-305, indicate a 


downtrend. The average of this group is more stable 
than the most stable commercial block observed, and 
has twice the degree of stability as the average of the 
commercial group. 

If the assumption is made that the 410 stainless, as 
annealed, has a normal tendency to grow, and the 
data support this assumption, then the improved 
performance of the blocks with nitrided nongaging 
faces could be explained. The nitrided surfaces 
could serve as a restraining jacket, which would be 
more effective with increasing thickness. Thus, 
the blocks whose nongaging faces were not ground at 
all (A, fig. 16) had the thickest case and grew the 
least, those whose white layer was removed (B, fig. 
16) had a thinner case and indicated slightly less 
uniform stability characteristics, and those whose 
case was removed entirely (C, fig. 16) had maximum 
growth. The investigation is being extended to 
further evaluate the effect of the thickness of nitrided 
cases on nongaging faces. 

Residual determinations were made by 
Littman and Christenson on the nongaging surfaces 
of nitrided 410 stainless steel blocks. A block proc- 
essed similarly to those in section A of figure 16 
had residual tensile stresses of 3,000 psi parallel to 
the 2 in. gaging length and 2,800 psi perpendicular to 
the gaging length (these blocks not ground after 
nitriding). A block processed like those in section 
B had a residual tensile stress of 31,100 psi in the 
direction parallel to grinding (stresses perpendicular 
to grinding not determined), while a block representa- 
tive of those in C had compressive stresses of 1,300 
psi parallel to grinding and only 900 psi perpendicular 
to grinding. Except for the fact that the relief of 
residual compressive stresses would be expected to 
cause growth, no apparent relationship can be seen 
between the reported residual stresses and the rate of 
growth of the different blocks. In actuality, the 
values of residual stress reported for blocks in A and 
in C are very low and should not have contributed 
materially to length changes. 

As with the hardened 52100 blocks, several ad- 
ditional experimental treatments have been designed 
which should contribute additionally to the under- 
standing of the role of surface stresses. 


stress 


6.5. Blocks With Hard Coatings 


The results of stability measurements on both 
annealed 52100 and annealed 410 gage blocks with 
hard coatings are given in figure 17. The stability 
characteristics of 52100 steel coated only on the 
gaging surfaces with thermal sprayed nickel-chro- 
mium-boron alloy is represented in section A. The 
steel was heated after coating to fuse the particles 
and some degree of hardening occurred as a result. 
lhe hardness of the steel after the fusion treatment 
was 43 R.. Both blocks have similar characteristics. 


both grew slowly at a linear rate. T-309 grew 
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Figure 17. The stability of initially annealed 52100 (T 
blocks) and 410 stainless steel gage blocks (F blocks) with 


hard coatings. 
A. Gaging surfaces coated with thermal sprayed nickel-chromium-boron alloy 
B. Gaging surfaces coated with flame plated tungsten carbide. 


C. Surfaces electroplated with chromium, T blocks on all surfaces, F blocks on 
gaging surfaces only. 


0.510~° in./in., extrapolated to 1 
grew 0.3 107° in./in./yr. 

The blocks represented in section B, figure 17, 
have been flame plated with tungsten carbide on 
gaging surfaces only. Both of the 52100 blocks 
(T-301 and T-302) have similar stability charac- 
teristics. Initially they expanded at a rate similar 
to 410 stainless block F-317 in section B, but they 
have exhibited more stable characteristics during the 
last 6 months of observation. The 410 blocks have 
grown rapidly, much more so than the nitrided blocks 
in section C of figure 16. This particular comparison 
is made because the blocks in figure 16C were ground 
on the nongaging faces and stress relieved at 975° F 
in the same manner as the blocks illustrated in section 
B of figure 17. Therefore, the core material in each 
group has essentially the same structure and residual 
surface stress pattern and the difference in behavior 
can be attributed to the cases. 

The blocks whose stability characteristics are 
shown in section C figure 17 were chromium electro- 
plated. T-314 and T-318 were plated on all six 
surfaces and the plating on the nongaging faces was 
ground sufficiently to obtain desired dimensions. 
Blocks F-352 and F-358 were plated on the ends 
only. The 52100 blocks are reacting similarly to 
one another and the two 410 stainless blocks also 
have curves similar to each other. The former are 
contracting although there was an initial increase In 
T-314. The chromium plated 410 stainless blocks 


yr, and T-312 


are increasing in size at a fairly rapid rate. 
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6.6. Overall Observations 
a. On Stability of Gage Blocks 


The comparative changes in length for all of the 
blocks, arranged in order of increasing change, are 
summarized in table 6. A time increment of 1 yr 
has been used, which necessitated extrapolation in 
some cases. The most stable groups of blocks for 
the period observed were the nitrided 410 stainless 
with all or portions of the nitrided cases left on all 
surfaces. These blocks had stability characteristics 
that met the goal set for this investigation, namely, 
a maximum dimensional change of 21077 in./in./yr. 
These blocks proved to be resistant to normal 
atmospheric corrosion and accepted the best lapped 
finish of any block tested. The reproducibility of 
performance in these blocks, as evidenced by the 
uniformity of slope and low spread of individual 
values in each group, was also excellent. There was 
no apparent deviation from linearity in the dimen- 
sional changes of any of the nitrided 410 stainless 
blocks, but all, including the coated and plated 
blocks, showed some tendencies towards growth. 
Disadvantageously, the coefficients of thermal expan- 
sion and conductivity are somewhat lower than 
desirable. 


TABLE 6. The stability of gage blocks over a one year period, 


in order of merit 


Steel and treatment Avg change 
in length 


uw in./in./yr 


. 410 stainless, nitrided, two stage, nongaging faces as nitrided- +0. 


9 

2. 410 stainless, nitrided, single stage, white layer removed A +0. 2 

3. 52100, harde ned ~~ ennai A puta ears —0.4 

(after 6th month)-_--- Ras Resa Ere me ee beatae (—0. 1) 

4. 52100, thermal sprayed with Ni-Cr-B__- +0. 4 
5. 52100, hardened and tempered to 60 Re, “ground part allel to 2 in. 

axis_ abi ait ‘ . +(). 4 

6. 52100, chromium plated on all faces.____- ‘ —0.4 
7. 52100, hardened and tempered to 62 Re, ground parallel to 2 in. 

axis_ ee PRESSE ee eee ‘ “ +0. 5 

8 410 stainle Ss, “nitrided, 1 stage, nongaging cases removed +0. 6 

9. 52100, fiame plated with tungsten carbide__..._--- 5 ic +0. 7 
10, 52100, hardened and tempered to 60 Re, ground perpendicular to 

2 in. axis_- —0.7 
11. 52100, hardened ; and te mpe red to 62 >Re, ground | pe rpe ndicular to 

2 in, axis_- oo —0.9 

12. 410 stainless, chromium plated on ends.- waite tina : +1.0 

13. Commercial ‘fA A”’ grade —1.1 

14. 410 stainless, fiame plated With. tungsten Ci arb ide_. +1.3 


The best of the blocks made from 52100 were those 
hardened and stabilized at the high hardness of 65 
R,.. The repetition obtained within this group was 
excellent, and included both directly quenched and 
martempered blocks. If the first 6 months after 
final heat treatment are disregarded, these blocks 
exhibited even greater stability than the best of the 
410 stainless. All of the hardened 52100 blocks on 
which observations were made during the first 6 
months contracted initially and then stopped con- 
tracting, or expanded according to the tempering or 
grinding treatment given them. 





Several of the blocks with hard coatings were more 
stable than the commercial blocks tested. Both the 
sprayed Ni-Cr-B and the plated tungsten carbide 
apparently caused an overall growth, but on the 
52100 blocks the growth was small or had subsided. 
The principal undesirable feature noted with the 
Ni-Cr-B and tungsten carbide coatings was the high 
porosity of surface obtained on lapping, which was 
readily apparent to the unaided eye. 


b. On Precision of Length Measurements 


Three types of measurement were employed in de- 

termining the length of the stability samples: 

Absolute interferometric measurement in which 
the length of the primary master was determined 
with the wavelength of light. 

2. Interferometric comparison measurement? in 
which the lengths of the secondary masters were com- 
pared with the length of the primary master using,the 
wavelength of light as a length scale. 

3. Mechanical comparisons of the 10 stability sam- 
ples of a group with the secondary master belonging 
to that group. 

Of the various types of measurement, the absolute 
measurement was the most difficult and the least 
precise for reasons mentioned in section 5.1. Because 
absolute measurements of the primary master were 
initiated in 1954 and since many measurements have 
been made at irregular intervals from that time on, 
it was believed that its stability could be deter mined 
to a much greater precision than individual absolute 
measurements indicated. For instance, the largest 
deviation of a single measurement from the average 
of all 33 measurements made since 1954 was 1.2 yin. 
The standard deviation of a single reading was 0.55 
uin. However, in fitting a curve to these data, it 
became obvious that a cyclic function with a yearly 
period best fitted the measurements. Using January 
1, 1954 as a zero time reference, a curve cale ulated 
by the least squares method to fit the measurement 
data is expressed by the equation: 


L=A sin (7 46)+0r4D 


where L=length deviation from nominal size (2 in.) 
A= 40.75 pin. 
B=12 mo 
t=time of measurement in months (January 
1, 1954—0) 


o=1.19 x 
C=-+0.0035 yuin./mo 
D=-+-4.59 yin. 


The standard deviation of all measurements from 
this curve was 0.28 uin. with the largest deviation for 
a single measurement being 0.5 win. It was assumed 
that the instability of this gage block is expressed by 
the function AL=CAt whereas the sinusoidal varia- 
tion is an effect due to error in determination of the 
effective temperature of the gage block. All absolute 
measurements on this gage block were made using 
one interferometer occupying one location in a con- 
stant temperature room. The temperature of the 
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gage block was determined with one junction of a 
thermocouple held at the surface of the gage block 
with a spring clip. The other junction of the thermo- 
couple was imbedded in a copper block surrounded by 
an insulated aluminum-sheathed box. The tempera- 
ture of the copper block was determined with a plati- 
num resistance thermometer. The temperature of 
the copper block related to that of the air in the room 
showed a seasonal variation, and was generally colder 
than the air in the winter and warmer in the summer. 
If the effective temperature of the gage block relative 
to the temperature measured by the thermocouple 
junction at its surface is analogous to the relationship 
of the copper block temperature to that of the air, 
and if the difference in temperature approaches a 
maximum of 0.05° F, the cyclic effect can be ration- 
alized. 

Based on the assumption that the instability of the 
primary standard can be expressed as CAt, the pri- 
mary standard, according to measurement, is growing 
at the rate of 0.04 yin. yr. It is believed that this 
value is accurate to within 100 percent. An error of 
such small magnitude in the determination of the 
instability of the primary master block would have 
no significant effect on the stability results of the 
samples reported. 

Interferometric comparison of the primary master 
with the secondary master blocks (the stability sam- 
ples serving as references for the groups of stability 
samples compared mechanically) were made with the 
interference comparator mentioned in section 5.1. 
This interferometer has been subjected to much in- 
vestigation in regard to the precision of its measure- 
ments, [16] the uniformity of the wringing films, and 
the wear resulting from repeated wringings [20]. As 
a result of these investigations a precision of + 0.2 yin. 
has generally been applied to individual comps isons. 
Stability samples block A, manufacturer 1, figure 14; 


T-337, figure 15; F-302, figure 16; a F352, 
figure 17 are examples of these secondary master 


blocks. 


From the metrological viewpoint, the results ob- 
tained with the mechanical comparator employing 
transducers in tandem were most interesting. Em- 
ploying the concept of comparison of dynamic 
lengths and using statistical analysis of the measure- 
ment data to evolve the measurement program, it 
was possible to obtain residual measurement errors 
having very small spread and nearly normal distri- 
bution. Employing intercomparison tests involving 
110 separate comparisons of the gage block samples 
of a group, it was found possible to limit the residual 
errors to a spread of +0.6 win. The standard devia- 
tion (c) of the result of such an intercomparison test 
was found to be approximately 0.08 win. As the 
residual errors formed a nearly Gaussian distribution, 
a 99.7 percent confidence limit of random error (3c) 
of +0.24 win. was indicated for the results of such 
an intercomparison test. 

As the tests were re peated at periodic intervals, 1 
was possible to test the reliability of the a 
statistical evaluation of precision. Most measure- 
ments of the stability samples reported extended 


over a period approximating 1 yr. Three different 
operators were employed and the temperature of the 
rooms in which tests were conducted varied from 
a few tenths of a degree to approximately 2° F, 
A small advantage in the control of residual error 
spread seemed to ‘be achieved in using the best tem- 
perature-controlled room. One operator’s residual 
error distributions, in general, had more scatter in 
the tails of the distributions than did the other two 
operators. No seasonal variations, as appeared in 
the absolute interferometric measurement of the 
primary master block, were noticed. It was found 
that when care was taken to expose the blocks of a 
group to the same conditions for at least 18 hr prior 
to an intercomparison test, the consistency of the 
periodic results were within the limits of the precision 
calculated from the statistical evaluation, 1.e., ap- 
sraabentals 0.2 win. Figure 13 illustrates the con- 
sistency obtained in monthly measurements and also 
illustrates, by the exception, the effects of treating 
the gage blocks differently prior to the intercom- 
parison test. 

Another indication that precision of the above 
magnitude is being obtained in mechanical compari- 
son was derived from the results of mechanical com- 
parison tests conducted to determine the thermal 
coefficient of linear expansion of the block 
samples. In this procedure, intercomparison tests 
on a group of samples are conducted at two tem- 
peratures. From the results of the two tests the 
magnitude of the changes in the length relationships 
of the blocks of the group can be determined. 
Knowing the difference in temperature of the two 
tests, the coefficients of all the blocks relative to that 
of the secondary master block of the group can be 
determined. The coefficient of the secondary master 
is then measured by interferometric methods (change 
of length with temperature determined in terms of 
wavelength of light) and thus the coefficients of all 
blocks of the group can be calculated. As a cross 
check on the precision of the mechanical measure- 
ment and as a check on the consistency of the cali- 
bration of the mechanical comparator, the coefficients 
of some blocks determined by mechanical comparison 
techniques were compared with coefficients deter- 
mined by interferometric methods. In general, the 
agreement of results of such tests indicated that the 
length changes resulting from temperature variation 
measured by the mechanical comparator were 
accurate to better than 0.2 win. 


gage 


as 


A result obtained from the investigation of thermal 
coefficient of expansion is worthy of note. It is 
reported in the literature that 52100 steel has an 
approximately 2 percent smaller thermal coefficient 
of linear expansion in the annealed state than when 
hardened to 65 R,.. It was found in this investiga- 
tion that this steel hardened to 60 R, had a thermal 
coefficient of expansion about 3 percent lower than 
that hardened to 65 R, (table 2). This was verified 
by both mechanical comparison and interferometric 
methods of measurement. 

From the history of past interferometric measure- 
ments on the primary master; from the conclusions 
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of Dexter’s work [20] on wear occurring using the 
interference comparator; and from the fact that 
interference measurements were made on a relatively 
infrequent basis, it was concluded that if wear did 
occur from interferometric measurements, it was 
negligible. However, no information was available 
on the wear effects to be expected in the mechanical 
comparisons. To allow an evaluation of this effect, 
the frequency of test was changed from weekly 
to monthly tests. It was reasoned that if wear did 
have an effect on the measured stability trends of the 
blocks, a change in the frequency of test would have 
an effect upon the trends of length changes exhibited 
by the blocks. Such effects did not occur. 


7. Summary and Conclusions 


1. A program has been described for the develop- 
ment of steel gage blocks with a maximum dimen- 
sional change of 210-7 in./ in./yr, a degree hereto- 
fore unobtainable with consistency. The problem 
had a dual nature in that procedures for the selection 
and processing of materials and suitable techniques 
for measurement to the desired precision were de- 
veloped simultaneously. 

The data presented are the result of observa- 
tions on two steels given a total of 14 treatments, but 
which represent only a small proportion of the blocks 
under development or observation. From this total, 
two treatments applied to 410 stainless steel produced 
gage blocks with an average and uniform dimensional 
change of 21077 in./in./yr. One treatment applied 
to the 52100 steel produced gage blocks with an 
extremely high degree of stability (11077 in./in./yr) 
after an initial less stable period of 6 months.  Al- 
though the results indicate that the goal of the inves- 
tigation may have been met, periods of observation 
greater than 1 yr are needed to establish the stability 
characteristics more firmly. Further improvements 
in the development of materials and measuring 


techniques seem possible and will be sought. The 
failure of other treatments of the 410 and 52100 


steels to produce equally stable gage blocks in those 
cases where the treatments were similar except for 
small modifications, such as direction of grinding or 
thickness of nitrided case, has suggested other courses 
of investigation which are being pursued. Other 
more subtle influences on stability are being studied 
also, such as influence of residual magnetism (in- 
duced by magnetic grinding chuck) and environ- 
ment: al temperature changes. 

The method of reporting length in inch per inch 
isa matter of convention and convenience and should 
not be construed as being directly convertible to any 
size of gage block, particularly those of less than 
in. Size effects can influence both the metallurgical 
and metrological factors and consideration is being 
given to the investigation of these effects. 

4. Mechanical comparators can be used for 
measurements with a precision approaching 2 1077 
in. The procedures involved are also applicable to 
the rapid measurement of a large number of parts 
of the same nominal size sel thermal properties, and 





therefore can be adapted to industrial applications. 
Statistical analysis, used in conjunction with the 
comparator techniques, has application in determin- 
ing the most suitable procedures and_ providing 
continued uniformity in the application of the 
technique. 
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8. Appendix A: Establishment of Optimum 
Heat Treating Conditions for 52100 Steel 


Specimens of the steel were heat treated by direct 
quenching or by martempering followed by various 
All specimens used for these 
heat-treating experiments were 14 in. cubes. The 
retained austenite content was determined by X-ray 
The 
method used employed cobalt Kae radiation with iron 
filtration, a geiger tube detector, and a step-scanning 
technique. Originally, both the (220) and (811) 
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ines of austenite and the (211) line of martensite 
were used in the computations, but the use of only 
the (220) line of austenite and the (211) line of mar- 
tensite produced comparable results and thus elim- 





inated a great deal of laborious step scanning, and 
in later determinations only these were used. Guided 


by the results of the X-ray analysis, the treatments 
were continuously revised until the austenite could 
no longer be detected. A summary of the treat- 
ments and the retained austenite measured as the 
result of each is shown in table 7. 





— 


TABLE 7. 


Stabilizing treatment 


Speci- Chronological 
men Method of order of proce- 
No. hardening dures after Refrigeration 
hardening time 
Temper- 
ature 
hr F 
T-216 Martemper Ist 250 
2d Overnight 
3d 250 
4th Overnight 
5th 250 
T-219 Direct quench Single step 250 
T-208 Martemper Single step 230 
T-220 Direct quench Ist 250 
2d Overnight 
3d 2h) 
4th Overnight 
5th 250) 
T-215 Martemper Ist Overnight 
2d 275 
3d Overnight 
4th 27 
r-213 Martemper Ist 2 
2d 230 
3d 2 
4th 230 
r-209 Martemper Ist 2 
2d 230 
r-214 Martemper Ist 3 
2d 27 
3d Overnight 
4th 27 
T-211 Martemper Ist 2 
»d 297 
r-212 Martemper Ist 2 
d 32 
r'-222 Direct quench Ist 14 
2d 27 
T-210 Martemper Ist 6 
2d 230) 
T-218 Martemper Ist Overnight 
2d 275 
3d Overnight 
ith 250) 
T-223 Martemper Ist Overnight 
| 2d 250) 
3d Overnight 
4th A) 
l-217 Martemper Ist Overnight 
2d 250) 
3d Overnight 
4th 2) 
r-221 Direct quench Ist Overnight 
2d i) 
3d Overnight 
ith 20 
T-226 Martemper Ist Overnight 
2d 2A) 
3d Overnight 
4th 250 
NOTES TO TABLE: 
1. All specimens were 1% in. cubes austenitized at 1550 
to 300° F for 30 sec in a mixture of NaNO; and NaNO» 
2. Both the directly quenched and martempered specimens were quenched 
ing oil 


3. Unless otherwise stated, all refrigeration treatments were at —140° F. 


from 18 to 22 hr. 
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Temper 


F for 15 min in a neutral salt 





Several pertinent observations can be made from 
these data. The maximum amount of retained 
austenite measured was about 15 percent and no 
values were obtained between 8 and 11 percent; the 
minimum amount obtained ranged from none de- 
tected to about 3 percent. There were no values 
between 3 and 4 percent and the intermediate quan- 
tities varied from greater than 4 percent to about 8 
percent. These separations facilitate a convenient 
grouping into specimens with high austenite, 15 to 
11 percent; intermediate austenite, 8 to 4 percent; 
and low austenite, 3 percent to none detected. 


The effect of heat treatment and stabilization on the quantity of retained austenite in small 


specimens of 52100 steel 


Retained aus- 
tenite after 
stabilization 
Remarks 


Time Volume 


1 Tempered prior to refrigeration, 


Tempered, no refrigeration. 
Tempered, no refrigeration. 
1 Tempered prior to refrigeration. 


Steps 1 & 2 
tional times. 


repeated 10 addi- 


Chilled in iced brine prior to 1st 
| refrigeration. 


None detected 


Refrigeration temperature Was 


110 
None detected 
Martempered specimens were quenched 
to room temperature in an accelerated quench- 


An overnight refrigeration treatment may vary 





The four specimens in the high austenite group 
consist of two which were directly quenched and 
two which were martempered. The treatments 
given them had one feature in common; they were 
tempered immediately after hardening. No other 
specimen received this treatment and there is no 
doubt that it was responsible for stabilizing the 
retained austenite against substantial further trans- 
formation. 

The specimens in the intermediate group received 
a variety of stabilization treatments; however, all 
were refrigerated at —140° F as a first step after 


hardening. The length of time of refrigeration was 
varied from overnight (18 to 22 hr) to 1% hr. The 
number of tempers and the temperatures used 


varied as did the number of refrigeration treatments. 
However, it is significant to note that most received 
individual refrigeration treatments of short duration 
(exception T—215) and tempers totaling 4 hr or less 
(exception T—222). None, including the two ex- 
cepted specimens, received long time refrigeration 
treatments, combined with tempering treatments 
of more than 9 hr at the temperatures shown. 

The specimens in the low austenite category, 
3 percent or less, have several common treatments. 
All were refrigerated for 18 to 22 hr immediately 
after hardening, all were tempered initially at 250 
to 275° F, all were refrigerated a second time for 18 
to 22 hr, and all were given a final temper of 250° F 
for 9 hr. The slight variations in treatment given 
to each are shown in table 7 and seem relatively 
unimportant. The important features are a refrig- 
eration of —110 to —140° F for 18 to 22 hr im- 
mediately after hardening, a short temper of 1 to 
2 hr at 250° F, a second refrigeration for 18 to 22 hr, 
and a final temper of 9 hr. The total prescribed 
tempering time of 10 hr was selected to conform 


with the conclusions advanced by Lement, Averbach, 


and Cohen [9] for ball bearing steel. 

On the basis of these data, the treatment given 
specimen T—221 was adopted for use with directly 
quenched gage blocks and that given T-217 for 
martempered blocks. The stabilizing treatment 
used with T-217 was adopted over that used with 
T-226 because of its similarity to that of T—221 and 
the convenience inherent in such an arrangement. 

Another series of heat and stabilization treatments 
was devised for 2 in. & 1% in. X % in. gage blocks to 
test the validity of the adopted treatments on full 
sized gage blocks, and to evaluate other variables. 
The treatments and the result of measurements of 
retained austenite are summarized in table 8. The 
readiness with which some austenite becomes stabi- 
lized with delay in treatment is shown in a number 
of cases. For example, block T-323 was treated 
similarly to small specimen T—217 and in almost the 
same manner as block T-333, except for a 48 hr. 
lapse between the final refrigeration and final temper 
of T-323. T-323 had a considerably greater amount 
of retained austenite. Shorter delays also appear 
injurious, as for example, in the comparison of speci- 
mens 'T—223 and T-217 (table 7). T-223 was held 
in iced brine for 2 min immediately after quenching 





to room temperature in oil, and then it was placed 
in liquid CH;OH (methyl alcohol) at —140° F. On 
the other hand, T-217 went into the CH,OH directly 
without the opportunity to age at a higher temper- 
ature and it contains less austenite. The same trend 
is indicated between blocks T—328 and T-331 (table 
8). Blocks T-329 and T-332 contained somewhat 
more austenite than small specimen T—221 which was 
treated in the same way, and this may have been 
caused by the difference in cooling rate between 
the larger blocks and smaller specimen. 

The greater austenite content may also have been 
caused by the differences in stress distribution in 
the differently sized and shaped specimens. To 
avoid difficulties from delays, a cold mixture 
(CH,0H-+- liquid N, at equilibrium, —144° F) was 
brought to the quenching tank and the blocks placed 
therein immediately after quenching. The cold 
container with the blocks was then transferred to 
the refrigeration unit where the temperature was 
maintained at —140° F for the required time. This 
is the two step refrigeration treatment listed in 
table 8. 

It was pointed out in the discussion of table 7 that 
no specimen with intermediate austenite had received 
a combination of long time refrigeration treatments 
and tempering treatments exceeding 9 hr. To 
further check the necessity of long refrigerating time, 
while tempering time was held at 10 hr, block T-—335 
was given comparatively short time refrigeration 
treatments at —140° F and T-336 was given short 
time treatments at —110° F. Both had negligible 
amounts of retained austenite. 

It was concluded from these tests on the 52100 
treated for minimum retained austenite and a hard- 
ness of about 65 R, that: 

1. Refrigeration is a necessary first step imme- 
diately after hardening. 

2. Stabilizing treatments should be accomplished 
with the least possible delay between steps. 

3. Refrigeration temperatures in the range —110° 
to —140° F are equally satisfactory, and two treat- 
ments in this range are ample. 

4. The time of holding at refrigeration tempera- 
ture can be as short as 2 hr for the initial treatment 
and 3 hr for the second treatment. 

5. A first temper of 1 hr at 250° F appears ade- 
quate, an extension of this temper beyond 2 hr, or 
above 250° F, may induce some stabilization of 
austenite. 

6. A final temper of 9 hr at 250° F or slightly 
higher is adequate. 


9. Appendix B: Hard Coatings, Description, 
and Application 


9.1. Thermal Spray 


The thermal spraying process consists of melting 
or softening a wire or powder in a suitable gun and 
directing the spray of liquid or softened particles 
onio the surface to be coated. The alloy used was a 
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TABLE 8. 





The effect of heat treatment and stabilization on the amount of retained austenite in gage blocks of 52100 steel 


Stabilizing treatment 


Gage Chronological 
block Method of order of pro- 
no. hardening cedures after Refrigera- 
hardening tion time 
Temper- 
ature 
hr F 
T-323 Martemper Ist Overnight 
2d 250 
3d Overnight 
4th 250 
T-328 Martemper Ist Overnight 
2d 250) 
3d Overnight 
ith 250) 
r-331 Martemper Ist Overnight : 
2d 250 
3d Overnight 
ith 25 
l-333 Martemper Ist Overnight . 
2d DAL) 
3d Overnight 
ith 250) 
[-334 Martemper Ist Overnight 
2d 250 
3d Overnight 
4th 250 
l-335 Martemper Ist 2 
2d 250 
3d 4 
ith 250 
T-336 Martemper Ist 2 
2d 250) 
3d 3 
ith 250 
T-329 Direct quench Ist Overnight 
2d 50) 
3d Overnight 
ith 2 
P-332 Direct quench Ist Overnight 
2d 250 
3d Overnight 
Ath 259 


NOTES TO TABLE 
1. All gage blocks were nominally 2 in 


X 18 in. X #8 in. in size, 
to 390° F for 30 see in 


1 mixture of NaNO; and NaNO 


2. Both the directly quenched and martempered blocks were quenched to room temperature in al 


in the remarks column 


3. Unless otherwise stated, all refrigeration treatments were at 140 


self-fluxing alloy of nickel, chromium, and boron sold 
commercially as Thermospray ® powder 16C. It 
was applied by a commercial firm to a thickness of 
about 0.015 in. on each gaging face. After lapping, 
the final thickness was 0.006 in. The coating re- 
quired a fusing treatment after application and this 
was done by the firm, but the exact temperature to 
which the blocks were heated could not 
tained. The hardness of the coating was measured 
as 62 R. (converted from Vickers, 10 kg). After 
grinding and lapping, the surface of the coating 
appeared more porous than a wrought metal. A 
photomicrograph of the coating is shown in figure 


ISA. 


be ascer- 


9.2. Flame Plate 


The flame plating process is somewhat similar to 
the thermal spray process, but lis use is generally 
limited to the application of refractory alloys or 


Trademark of the Met zing Equipment Co., Inc 
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wistenitized at 1550° F for 15 min in 


Temper 


Retained aus 
tenite after 


stabiliza 
. eee Remarks 
Time Volum¢ 
hr 
48 hr lapse between steps 3 and 4 
1 
9 : 
Quenched in water instead of oil. 
1 Given a brief iced brine quench 
between steps 2 and 3. 
q 1.8 
Quenched in water instead of oil. 
! Two step refrigeration (see 
text). 
y 1.4 
Quenched in oil, two step refrig- 
l eration. 
gy None detected 
Refrigeration temperature was 
1 —110° F. Long first temper. 
? * 
Refrigeration time reduced. 
l 
None detected 


Refrigeration 
l Temperature 
—110° F, 


time reduced. 
increased to 


Brief iced brine quench between 
steps 2 and 3. 


Two step refrigeration (see text). 


ineutral salt. Martempered specimens were quenched 


ecelerated quenching oil except where water is noted 


An overnight refrigeration treatment may vary from 18 to 22 hr. 


ceramics, and with these materials a fusing treatment 
is not used. The coating is applied at supersonic 
velocities and is propelled by a controlled detonation 
within the barrel of the gun. The manufacturer 
claims that the surface of the piece being coated 
rarely exceeds 400° F. All flame plating was done 
by the originator of the process.'” Both the tungsten 
carbideand thealuminum oxide coatings were applied 
to each gaging surface to a thickness of about 0.004 
in. The thickness of the coating on each, after 
lapping, was on the order of 0.0025 in. Afier lap- 
ping, considerable porosity could be observed in each 
of these coatings with the unaided eve. The 
tungsten carbide coating contains about 8 percent 
of cobalt, whereas the Al.O, is 99+ % Al.O;.  Hard- 
ness of both coatings is far in excess of 65 R,. The 
coefficients of thermal expansion of both of these 
coatings are considerably lower than steel, and are 
given by the manufacturer as 2.89 107°/° F (70°.to 





Linde Air Products Co 








SS “ ss) a . 4 
TSA ER 


’ 
~ “® +* . N 
ee ' 
» , 





201 


The chromium is shown as plated and stress relieved. 
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area at lower left is a corner of the steel block. 
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150° F) for tungsten carbide and 4.010~°/° F (100 


to 2,000° F)"™ for aluminum oxide. Photomicro- 
graphs of these two coatings are shown in figures 
18B and C. 


9.3. Chromium Plate 


Chromium was applied directly over the steels by 
conventional electroplating techniques. The bath 
consisted of 0.53 oz (avdp) of sulfuric acid and 53 
oz (avdp) of chromic acid per gallon of water. 
Current density was 180 to 190 amp/ft? and bath 
temperature was 120° F. The 52100 steel was plated 
on all surfaces and the 410 stainless was plated on 
the gaging surfaces only. The minimum thickness 


of the ‘plating as applied was about 0.010 in. The 
finished thickness on the gaging faces and on the 
nongaging faces, when applied, was 0.005 in. Tests 


were run to ascertain the temperatures to which the 
plating could be subjected for the removal of hydro- 
gen and for stress relief. As plated, the hardness 
was 68 R, (converted from Knoop, 500 g) which did 
not fall below 65 R, until a temperature in excess of 
820° F was used. However, at this high temper- 
ature hairline cracks appeared in the plating, which 
were attributed to stresses caused by the differential 
thermal expansion of the block and the plating. A 
stress relieving temperature of 400° F for 5 hr was 
adopted to prevent cracking. A photomicrograph 
of the plated chromium after stress relieving at 
820° F is shown in figure 18D. In appearance, it 
does not differ from the as-deposited coating. 


10. Appendix C: Grinding Procedures and 
Other Details of Fabrication 


10.1. 52100, Hardened 
All of the 52100 blanks were ground to 2.04 in. 


1.39 in. 0.39 in. prior to hardening and stabiliza- 
tion. After completion of the heat treatment, all 


ii The lower value for the coefficient of thermal expansion reported in table 2 


was measured on solid Al,O3 blocks supplied by another manufacturer. 


TABLE 9. 











but four of the blocks were ground to size on the 
four largest faces in a direction parallel to the 2 in. 
direction. The four excepted blocks (T-377, T-378, 
T-384, T—386) were ground on the four largest faces 
in a direction perpendicular to this dimension. The 
grinding wheel used and the operational settings of 
the surface grinder are given in table 9. 

After final grinding the blocks were stress relieved 
for 3 hr at the temperatures shown in table 4, and 
sent to a commercial firm for lapping. The surfaces 
of the lapped blocks were surveyed for parallelism 
and flatness, some blocks were used for thermal 
expansion or other measurements, and the best of 
each lot as to parallelism and flatness were incorpo- 
rated in the measuring program. 


10.2. 410 Stainless, Nitrided 


All 410 stainless blanks were ground to a length 
of 2.0050 in., but the width and thickness were 
varied so as to permit finishing to 1.375 in.X0.375 
in., since some of the surfaces received no grinding 
after nitriding and others received different amounts. 
Blanks intended for two stage nitriding, and on 
which the nongaging faces were to be left as nitrided, 
were ground to 1.374 in. X0.374 in.; blanks on which 
only the frosty coating was to be removed were 
ground to 1.375 in. 0.375 in.; and blanks on which 
the cases on nongaging faces were to be completely 
removed .were made about 1.430 in.X0.430 in. 
(earlier blocks were slightly smaller). Details of the 
nitriding treatments given individual blocks are 
shown in table 4. After nitriding, all three series of 

410 blocks were ground to 2.0030 in. and two series 
were ground on the 4 nongaging surfaces to a width 
of 1.375 in. and a thickness of 0.375 in. Additional 
grinding details are given in table 9. 

All of the nitrided 410 blocks were stress relieved 
at 975° F for 3 hr after grinding and before sending 
to commercial firms for lapping. The final hardness 
of the cases and the dates of the final stress reliefs are 
included in table 4. The blocks were then lapped 
commercially and the most suitable of each lot placed 
in the measuring program, 


Details for grinding the hardened and coated gage blocks 


Grinding wheel Crossfeed Downfeed Table speed 
Type of surface = ee _ = 
Rough Finish Rough Finish Rough | Finish ® |} Rough Finish 
in. in. in. in. ft/min | ft/min 
Hardened 52100 2A361GR8V72K_____| 2! . 361G8V72K 0. 050 0. 030 0. 0015 0. 0005 65 65 
Nitrided 410 stainless 37C60I8V 37C100J8V or .010 . 008 . 0008 . 0003 20 15 
37C10017V 
Thermal spray, Ni-Cr-B- 37C46J8V - 37C10017V . 020 O18 . 003 . OOOS 50 30 
Flame plate, tungsten carbide 37C46I8V 37C LOOHS8V or . 025 . 020 . 0005 . 0003 30 25 
37C 1LO0I8V 
Chromium plate-._- oot ate ..-----| 8A461J12V22 or 8A461J12V22_..- . 030 . 020 . 001 . 0005 65 20 


38AR801ISBE 





a These values are for gaging surfaces and should be incre 


sased by about 50 per- 
cent on nongaging surfaces. 


Notes to Table 
1. The nongaging faces of all blocks except four (T-377, T 
were ground parallel to the 2 in. dimension. The 
were ground perpendicular to the 2 in. direction. 
2. The grinding whee] speed was 2300 RPM. All wheels were 10 in. in diam 


378, T-384, T-386) 
four excepted blocks 





when new and were discarded when worn to about 6in. All wheels were 
34 in. to Lin. thick. 
. All grinding was done wet with White-Bagely WB-1500 solution diluted 
with water to approximately 150 parts of water per 1 part solution. 
4. Downfeed was changed from rough to finish when 0.0005 in. of stock re- 
mained to be removed from each gaging surface and 0.002 in. to 0.005 
in, remained on each nongaging surface. 


wow 
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10.3. Blocks With Hord Coatings 
a. Thermal Spray 


The 52100 steel blanks were ground to 1.987 in. 
1.375 in. 0.375 in., and the nickel-chromium- 
boron coating applied on the gaging faces only to a 
thickness of about 0.015 in. The blocks were then 
ground in the same directions as described for the 
hardened 52100 blocks. The four nongaging surfaces 
were ground just sufficiently to remove the black 
scale formed during the fusing treatment. The gag- 
ing surfaces were ground to reduce overall length to 
2.0030 in., leaving equal thickness of coating on each 
face. Further grinding details are given in table 9. 
After grinding, the blocks were stress relieved as 
shown in table 4, and sent to a commercial firm for 
lapping. 


b. Flame Plate 


The 52100 and the 410 stainless blanks were ground 
to 1.995 in. x 1.375 in. X0.375 in. prior to coating the 
gaging surfaces to a thickness of about 0.004 in. 
The nongaging surfaces were not coated. The sur- 
faces were ground to reduce overall length to 2.0030 
in., leaving equal thickness of coating on each face. 


Additional grinding details are given in table 9. The 
nongaging faces were not ground after plating. The 


blocks were stress relieved as shown in table 4 prior 
to lapping. 


c. Chromium Plate 


It is a characteristic trait of the chromium plating 
process that thicker deposits of metal build up at 
sharp outside corners. Such a build up is shown in 
the photomicrograph in figure 18D. This condition 
makes necessary the careful alinement of the block 
in the grinding chuck to prevent the plating from 
being ground nonparallel to the underlying surface 
with a resultant nonuniform thickness of plating. 
This in turn can cause opposite gaging faces which 
are parallel at one temperature to become nonparallel 
at another temperature, particularly if the nongaging 
faces of the gage block are plated and ground non- 
uniformly. The need for extremely close control to 
avoid this condition can be eliminated by plating the 
gaging surfaces only. The 52100 blanks were ground 
to 1.990 in. «1.365 in. 0.365 in. prior to plating on 
all surfaces and the 410 stainless blanks were ground 
to 1.990 in. 1.380 in. X0.380 in. for plating on the 
gaging faces only. The blanks were stress relieved 
at 975° F for 3 hr in a cracked ammonia atmosphere 
prior to plating. After plating, each block was ground 
to 2.0030 in. < 1.375 in. X 0.375 in. in accordance with 
the details given in table 9. After grinding the 
blocks were stress relieved at 400° F for 5 hr in a 
cracked ammonia atmosphere and sent to a lapping 
firm for the final step in processing. 





11. Appendix D: Nullification of Effects of 


Inhomogeneous, Nonlinear Measurement 
Error 


One method that may be used in refining the 
intercomparison testing technique is to arrange the 
sequence of comparisons to annul the effects of 
measurement error. This can be illustrated by the 
following example. Consider the four test speci- 
mens, gage blocks A, B, C, D in table 10 to have 
lengths a, 6, c, and d respectively. Consider the 
systematic error in the comparator reading to be 
a function of time with slope a, as shown in figure 
19," and for the present ignore random errors. If 
the time interval of one comparison of a pair of gage 
blocks is At, the systematic error in a comparison 
occurring at time ¢ is a,At. However, the curve 
shown in figure 19 may be approximated by (n—1) 





ERROR IN A TEST READING ,LENGTH 


a, 











| 
| 
| 
| 
| 
t TIME 


FicurE 19. A hypothetical nonlinear error function and its 
approximation by a number of linear segments. 


lmear segments having slopes a, a2, a3, . . . @(n—1) 
where n is the number of gage blocks in the group 
being intercompared, four in this example. The 
subscripts refer to periods of time in which n com- 
parisons are made. If the interval of each comparison 
is again At, the errors occurring during the compari- 
sons can be approximated by @At, a:At, a3At, . 

a(n) At. By arranging the sequence of comparisons 
these systematic errors may be distributed so that 
they are approximately nullified in the results 
obtained by means of the type of calculation illus- 
trated in table 5. That is, if the sequence of com- 
parisons is so arranged that each column contains 
equal increments of the systematic errors, then 
the column footings will contain equal amounts of 


2This function need be continuous only during the time of each individual 
comparison. 
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such error and in that event computation by means 
of the method illustrated by table 5 will provide 
results in which these errors are nullified. Table 10 
illustrates comparison data obtained when such a 
sequence of comparisons is utilized.’ The circled 
numbers in table 10 indicate the sequence in which 
the comparisons were made. The residuals obtained 
with this sequence of comparison and utilizing the 
type of computation illustrated in table 5, would 
be grouped equally at a,At, a,At, and a,At. It will be 
noticed that with this sequence (table 10) these 
systemmatic errors may also be eliminated from the 
residuals as well as from the results by applying the 
least squares type of solution. This is because the 
comparisons symmetrical to the diagonal (table 10) 
are made in the same time period (while a remains 
constant), in fact one immediately following the 
other. 

This latter requirement may introduce the neces- 
sity of further modification. With two comparisons 
of the same gage blocks being performed in a short 
time interval, thermal effects of handling in the first 
comparison may modify the error function in the 
second comparison so that two error functions exist; 
i.e., inhomogeneous comparison data are obtained. 
It was reasoned that if the second comparison always 
followed the first by a constant time interval, and if 
the handling of the gage blocks during the two 
comparisons was always consistent, then the two 
error functions would differ by a fixed amount. If 
Q11, G21, O31, Qn—1 Tefer to the slopes of the 
first error function in the time periods 1, 2, 3, 
(n-1) respectively, and aj2, a2, a2, Q(n—1)2 Tefer 
to slopes of the second error function during these 
same time periods, then: 

(a4 — 2) A= (21 — Qa) A= (a3, — a2) Al 


Ae 1351 Bea 2) At =kAt (1) 


To eliminate this type of error from the final 
results of an intercomparison test there should exist, 
as was said above, an equal magnitude of error effect 
in each column of the calculation chart. For a group 
of n specimens there will be n(n-1) comparisons in 
the intercomparison test; n(n-1)/2 comparisons of 

3 1f a is constant, that is if a;»=a,=a;= @(n-1) then the systematic errors 


are nullified regardless of the sequence in which the comparisons are made since 
the equal increments of error always appear in each column. 


TABLE 10. 


| 


| 
| 
j 
| 
| 
| 
| 
| 
| 


the first type, and an equal number of comparisons 
of the second type. If there is to be an equal num- 
ber of comparisons of each type in a column, (n-1)/2 
comparisons of a type should appear in a column. 
As this number must be an integer, n must be odd. 

Table 11 indicates an intercomparison test sched- 
ule that would approximately nullify two nonlinear 
error functions in the final results, an additional gage 
block has been added to the group to fulfill the 
requirement that n be odd. Spaces containing two 
approximately equal values represent comparisons 
made at times when the error function could be 
indicated by either of two slopes; 
figure 19. 

Using eq (1) relating the error functions, the values 
indicated in table 12 are obtained from those shown 
in table 11. It will be noted that in the summations 
of each column of table 12 the amounts of system- 
atic error are equal. This alsosholds true if a 
least squares type of solution is applied to the data 
in table 12. This is shown in table 13 where this 
method of computation is employed. Here the sys- 
tematic error is cancelled within each column so 
that the column footings equally contain no system- 
atic error. Thus employing either method of com- 
putation with this sequence of comparisons, 
appropriate comparison of the column footings pro- 
vides the true relationships of the gage blocks even 
though inhomogeneous, nonlinear error functions are 
present in the observed measurements. The preci- 
sion of the results obtained by the least squares 
method of course, greater than that obtained 
with the method of computation illustrated in table 
5. Further, an examination of the residuals obtained 
with the two different methods of computation will 
indicate another reason for utilizing the least squares 
method. The residuals obtained from table 12 using 
the method of calculation illustrated in table 5 are 
given in table 14. It can be seen that residuals of 
various magnitude are obtained, the magnitude 
depending on the value of the two error functions 
(assuming At is constant). On the other hand, when 
the least squares method of computation is employed 
(table 13) the residuals shown in table 15 are ob- 
tained. It is obvious here that the magnitude of 
the residuals is dependent only upon the difference 
between the two error functions (again assuming Aft 


e.g 


.g., at time f, in 


Is, 


Sequence of comparisons arranged to nullify effects of a nonlinear error function in an intercomparison test 


Blocks A B ( D 
1 1) h—a+a),At ¢ +a At 7) d—a+anAt 
RB 2) a—hb+a,At ? c—h+aoAt ) d—b+ajAt 
( 0) a—c+a3At 6) b—c+anAt ” 3) d—c+a,At 
D 8s) a—d+aqaAt ) h—d+aj;At 4‘) c—d+a;At ° 
3 3 3 3 
z 3a—b—c—d+ > yanAt 3b—a—c—d+ > yanAf c—a—b—d+ > \anAt 3d—a—b—c+ > jandt 
n=1 n=1 n=1 n=1 
3 3 3 3 
Z/4 | 1/4(3a—b—c—d+ > VernAt) | 1/4(8)—a—c—d+ > yarn At) | 1/4(8e—a—b—d+ > JanAt) | 1/4(8d—a—b—-c+ > janAf 
n=1 n n=] n=1 
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TaBLe 11. Intercomparison test schedule nullifying the effects of two nonlinear error functions 
Blocks A B C D E 
1 : 2) b—a+ayAt @2) c—a+ay,At 15) d—a-+-ar3, At 5) €—a+ay;At 
B 1) a—b+ay,At | . 8) c—b+anAt 20) d—b+ayAt | @3) e—b+a3,At 
| 
C a—Cc+anAt 7) b—c-+ an At ” 4) d—c+a,2At | 18s) €—C+ayAt 
i) a—Cc+az,At | 
D a—d+ayAt 19) b—d+ay,At | 3) c—d+ay,At ” a) e—d+anAt 
®) ~a—d+ayAt } 
E a—e+ay2At i) h—e+axzoAt 12) c—e+ayAt 9) d—e+anAt 9 
6) Sa—e+anAt 
TaBLeE 12. Result of application of equation (1) to values in table 11, indicating equalization of error in column footings 
Blocks A B C D E 
1 . b—a+(ay,;—k) At cC—a+(a3,;—k) At d—a+anAt e@—a+ay,At 
B a—b+ay,At a c—b+(a23—k) At d—b+(ay—k)At e—b-+ayAt 
( a—c+ay,At b—c+az,At - d—c+(aj;—k)At e—c+(ay—k)At 
D a—d+(ay—k)At b—d+ayAt c—d+a);,At P e—d+(a2—k)At 
I a—e+(aa—k)At b—e+(a3,;—k) At c—e+ayAt d—e+anAt : 
> 4a—b—c—d—e 4)-—a—c—d—e 4c—a—b—d—e 4d—a—b—c—€ 4e—a—b—c—d 
4 1 4 4 4 . 
: am 4 
-( > Qni—2k ar ( Qni—2k jar +( a any ) ( > aa—2k ) a + > cn 2k ) a 
n=1 n=1 \n=1 n=1 n=1 : 
2/5 1 s[ se paenen l s| anenae 1 oe 1 eee 1/5 Eee 
4 / 4 4 \ 4 4 " 
a y re — 
+( ani —2k ) At ( > ee” ja +( anak ) a +{ >} an—2k ) at |} +{ > cui~2t ) At 
n=1 n=1 n=1 n=1 n=1 


TABLE 13. Result of applying least squares type of solution to data in table 12 


Blocks A B 
kAt 
1 = b—a hl 
B p-»aat . 
k kAt 
C a—c+ = b-—c+ = 
kAt kAt 
D a—d—— b—d+-— 
2 2 
kAt kAt 
I a—e : b—e 
2 2 
z ta—b—c—d—€ 1b—a—c—d—e 
>» 1/5(4a—b—c—d—e) l 4h—a—c—d—e) 1/ 


This means that the residual distribu- 
tions obtained when the least squares method of 
computation is employed will provide a more easily 
understood indication of inhomogeneity in the data. 
The fact that the two error functions differ by an 
amount k can be more readily determined from the 
residual distribution obtained when the least squares 
method is employed than when the method of com- 


is constant). 


549993-—60 


C D E 
kAt kAt kAt 
‘—3s—-— d—a+ = e—at+ = 
kAt kAt kAt 
—h— = d—b— a e—b+ 2 
* kAt kAt 
d—c-— - é—c— 7 
} 
c +> s | _q—*at 
“ 2 
, kAt _ kAt 
ae see es a bd 
4c—a—b—d—e id—a—b—c—e 4e—a—b—c—d 


1/5(4d—a—b—c—e) 1/5(4e—a—b—c—d) 


| putation illustrated in table 5 is used. Thus the 
method of least squares was adopted for the com- 
| putation of all test results. 
| The above discussion assumed the absence of ran- 
dom errors and in that event indicated that if the 
method of least squares is employed when there 
are two error functions differing by an amount k 
present, residuals of + (kAt/2) and —(kAt/2) will 
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TABLE 14. Residuals obtained by applying to the data in table 12 
the method of computation illustrated in table 5 
— y = = — = — j = 
Blocks i B Cc D | BE 
A ° (ay,;—k) At (a3; —k) At acy, At a, At 
B ay, At “g (a@o,;—k) At ay,;—k) At avy At 
( a3, At an At ” ai;—k)At ay k) At 
D ay; —k) At ayy At ay, At F a2,;—k) At 
I (@ At a k) At ay At an At 
TaBLE 15. Residuals obtained by applying to the data in table 12 
a least squares method of solution 
Blocks A B Cc D E 
' e kAt kAt kAt kAt 
R kat ° kat kat kat 
- 2 2 ss 
( kAt kAt . kat kat 
D kAt kat kat kAt 
I kAt kAt kAt kAt ‘ 
2 a “s bier 
be obtained. If random errors are present, the 
residuals will tend to distribute randomly about 


(kAt/2) and —(kAt/2) providing a bimodal distri- 
bution. 

If such a bimodal residual distribution is broken 
down into two distributions, one obtained from first 
comparisons and the other from the second compari- 
sons in an intercomparison test, the medians of these 
two distributions will fall at + (kAt/2) and — (kAt/2 
respectively. That such a mmhanetion between the 
medians of the residual distributions of the first and 
second comparisons evidences an inhomegeneity in 
the data brought about by an asymmetry in the 
actual handling of the blocks in each pair can be seen 
from the following example. Consider three blocks 
A, B, and C of actual lengths, a, b, and ¢ respectively. 
Let these blocks be compared according to the fol- 
lowing intercomparison schedule: 


1. B minus A. 


2. A minus Bb. 
3. A minus (. 
4. (minus A. 
5. C( minus B. 
6. B minus (. 


Assume that there is some variation or asymmetry 
in the handling of the gage blocks which causes each 
pair to have its correct length difference in the first 
comparison of each pair, but to appear to have a 
length difference departing from this correct value 
by an amount a@At in the second comparison of each 
pair. Then the observed values obtained from the 
comparisons should be those shown in table 16, where 
the number of each comparison is also given by the 
circled figures on the chart. 


would be obtained 


| TaBLE 16. Observed values which 
consistent 


intercomparison test affected by 
handling of the gage blocks 


in an 
asymmetrical 


Blocks 1 R ( 


1) hb—a 4 ¢—a-+ 
tat - yce—b 


6) bh—c+a@At ° 


Applving the first step in the least squares method 
of soluticn, that is dividing by two the alegebraic 
difference of comparisons symmetrical to the diag- 
onal, gives what might be called adjusted observed 
values for each comparison. Thus for comparison 1, 
an adjusted observed value would be obtained by 
subtracting the observed value for comparison 2 
(the comparison which is diagonally symmetrical to 
| comparison 1) from the observed value for comparison 
| 1; e.g., (6—a)—(a—b+aAt) and then dividing this 
| by two, 


(b—a)—(a—b-4 adt) 2b—2a—aAt 


9 9 
—- — 


This value for comparison 1 and the adjusted ob- 
served values for the other five comparisons are 
given in table 17 which also illustrates the next step 
in the calculations. The columns are summed as 
indicated and these summations are divided by the 


number of gage blocks to give column footings. 
Next, a calculated result for each comparison is 


computed by subtracting the column footings one 
from another. Thus, the calculated result for com- 
parison 1, the B minus A comparison, is obtained by 
subtracting the column footing of column A from 
that of column B; e.g., 


[= ge = —) b—a. 


Adjusted observed values calculated from data tn 


| TABLE 17. 


tabie 16 
Blocks 1 B C 
1 ° 1) Qh—2a—aAl + 2c—2a+aAt 
9 ) 
B 2a + aAt ? 2 »»—aAt 
9 5 
( Ja—2c—aAt 6) 2h—2c+aAt 
» ») 
p> 2a~b—< 2h—a—¢ 2c—a—b 
>/3 2a0—h—¢ 2h—a—¢ 2c—a—b 
3 3 $ 


These calculated results are shown in table 18. The 
residuals are then obtained by subtracting aa val- 
culated result for any comparison (table 18) from 
the adjusted observed value for that comparison 
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TABLE 18. Calculated results obtained from data in table 17 


Blocks 1 R ( 
1 * Dh—a J 
B a , * ( } 
( 1—( ab—« . 


TABLE 19. Residuals obtained from data in tables 17 and 18 


Blocks i B Cc 
1) a@At 4), aAt 
' < 2 
: a\t at 
B 5 * cae 
3) aAt 6)  a@At 
( ; + : * 


(table 17). Thus the residual for comparison 1 
would be given in this case by: 


__adt 


9) 


2h—2a—aAt 
( : 5 aa —(b—a)= 


The residuals for these comparisons are given in 
table 19 together with the number of the comparison. 

It should be noted from the comparison schedule 
that comparisons 1, 3, and 5 are first comparisons on 
each pair of blocks involved while comparisons 2, 4, 
and 6 are, in each case, second comparisons. From 
the residuals obtained, it can be seen that each first 
comparison gives a residual of — (a@At/2), while each 
second comparison gives a residual of -+ (a@At/2). 
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At/2 
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| | 
At/2 c +Q At 
Figure 20. Frequency distribution of residuals which would 
be obtained in an intercomparison test if the comparisons of 


lengths are affected only by a consistent asymmetrical handling 
of the gage blocks. 





The residual distributions when plotted appear as 
in figure 20 where the total distribution is plotted at 
the bottom, the residuals from the first comparisons 
in the center distribution, and the residuals from the 
second comparisons in the distribution at the top of 
the figure. The split between the medians of the first 
and second comparison distributions which are indi- 
cated by the arrows is very apparent and is evidence 
of an asymmetry in the handling of the gage blocks. 
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The plane of best average definition is located for a number of lenses of a type used in 


airplane 


These 


mapping cameras. 
patterns are the long-line, 


Three different types of test pattern are used for each lens. 
short-line, and annulus. 


Results of measurement that 


show the variation of resolving power throughout the region of usable imagery are given 


for each type of test pattern with two types of photographic emulsion. 
plane of best average definition can be located 


There are, however, 


values are attained with the long-line 
v Rg Ts, 
of merit assigned by these indices. 


1. Introduction 


The quality of definition throughout the image 
plane of lenses used in airplane mapping cameras is 
of prime importance in ensuring satisfactory photog- 
raphy upon which to base the compilation of reliable 
maps. In forming an estimate of the probable 
quality of definition for a given lens, it is customary 
to use the measured values of resolving power for 
specified areas of the image plane as the principal 
criterion upon which to base the estimate. 

The measured values of the resolving power have 
in general proved satisfactory for locating the plane 
of best average definition and for determining the 
suitability of a given lens for use in an aerial camera. 
Consequently, most specifications dealing with aerial 
cameras contain requirements preseribing the mini- 
mum acceptable values of the resolving power. Un- 
fortunately, there is marked variance in the type of 
test chart used in various laboratories and in the 
conditions of use. This variance is a source of 
difficulty in any attempt to formulate an interna- 
tional specification dealing with the calibration of 
photogrammetric Cameras as was done at the Wash- 
ington meeting of the International Society of Photo- 
grammetry in 1952 [1]... To obviate the difficulty, a 
specification was adopted for trial and discussion 
that permitted the use of several different types of 
resolving power target. It was noted that it was 
not possible at the time to standardize on a single 
type of resolving power target. 

Three types of test chart were included in this 
tentative specification which were the three-line 
target used by the U.S. Air Force [2], the Cobb two- 
line chart used in Great Britain [3], and the annulus 
chart used in Canada [4]. All of these charts were 
of low contrast except the three-line chart of the Air 
Force which included both high- and low-contrast 
versions. The three-line chart used by the National 
Bureau of Standards was not included, as it had been 





' Figures in brackets indicate the literature references at the end of this paper. 
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pronounced differences in the numerical magnitudes of the 
resolving power determined with the various types of test pattern. 
patterns. 





It is found that the 
equally well with each type of pattern. 
values of 
the highest 
rating indices 


In general, 


Values of the various 


AWAR, and ADWAR are given together with a comparison of the different order 


in existence for only a few months prior to the con- 
ference, and its properties were not widely known. 

Each zs the charts covered by the specification 
included a series of patterns whose sizes were in a 
geometric progression with the V2 preferred for the 
common ratio between adjacent pattern sizes. The 
NBS chart of 1952 not only differed from the others 
in length of line but also in the ratio between succes- 
sive pattern sizes which is V2. 

In the seven vears that have passed since the 
adoption of this specification, agreement on a single 
type of chart has not yet developed. A few publica- 
tions have appeared [5, 6] that permit an estimate of 
the differences in resolving power likely to be found 
for line charts compared with annulus charts. 

Because of some of the differences that exist 
between the procedures recommended for the calibra- 
tion of photogrammetric cameras and those used at 
the National Bureau of Standards, it is worthwhile 
to describe the methods used at the Bureau and to 
compare the results derived therefrom with those 
that would be obtained by the methods approved in 
the international standard. In the present paper 
measured values of resolving power obtained with 
the NBS chart of 1952 [7] are compared with those 
obtained with the three-line chart used by the U.S. 
Air Force and with an annulus chart which differs 
from that prescribed in the international specifica- 
tion in that it is a high-contrast instead of a low- 
contrast target. In addition, the size ratio for 
successive patterns in each type of target is V2 in- 
stead of 2 

Results are presented for six lenses using two types 
ofemulsion. Values of the several indices that might 


. . —ar , 
be used as rating factors such as yft373, AWAR, 
and ADWAR are compared. It is found that the 
plane of best average definition may be located 


equally well with any of the three types. Values of 
resolving power obtained with the NBS chart are 
usually higher than those obtained with the other 
charts. 








2. Method of Measurement 
2.1. Test Camera 


The National Bureau of Standards precision lens 
testing camera [8] was used in making the negatives 
from which the values of resolving power are de- 
termined. This device is well adapted for use in 
locating the plane of best average definition of a 
lens. Its construction and mode of operation sim- 
plifies the process of evaluating the resolving power 
of a lens in a series of focal planes spaced at definite 
intervals along the optical axis. Moreover, by using 
one type of chart in the odd-numbered collimators 
and another type in the even-numbered collimators, 
it is possible to register the imagery in the same 
identical series of focal planes for each type of chart 
for the same series of angular separations 8 from 
the axis on the same plate. 


3 
4.2 


2.2. Test Charts 


Three distinct types of test charts are used in the 
present investigation. All three are high-contrast 
charts, i.e., the difference in optical density between 
line and background exceeds 2.0. Each chart con- 
sists of a suitable range of sizes of the test object 
with the size proceeding in a geometric progression 
with 9 (or 1.1892) the common ratio. The 
various types of test chart are deseribed in the 
following sections. 


as 


a. NBS Resolution Test Chart of 1952 


This chart was introduced in 1952 and is described 
in detail in NBS Circular The test chart, 
shown in figure 1, is a composite chart prepared by 
superimposing one test chart upon a four-times 
enlargement of the same chart. In this chart, all 

| patterns have the same line count, namely three to 
| each group. Two series of test patterns are included 
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FIGURE 1. 


This chart is a composite formed by superposing the NBS standard test chart upon a 4x 
groups of the master chart is equal to 2; however, the ratio of the line spacings of correspondin 





3.5 


NBS long-line resolution chart with extended range. 


enlarged copy of the master chart. The ratio of line spacings in adjacent 


ing opposite patterns is ¥2. Consequently, for this extended range 


rh . } oO ’ . . 4 
chart, the values of resolving power that can be measured for a lens of 6-in. focal leneth range from 6.3 to 168 lines/mm., In a geometric series proceeding by Vv 2. 
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such that the spacings in the line pattern of a given 
group differ from those in the adjacent group in the 
ratio of ¥/2 However, the spacing in the initial 
pattern of one series differs from the initial pattern 
of the other series by 4/2. Consequently, considered 
as a whole, the range of values provided by this 
chart proceeds by the 2, The size of the chart 
used as a reticle in the collimators of the lens testing 
camera for this study was such that the range of 
values in the image plane of the lenses investigated 
extends from 6.3 to 168 lines/mm. The most 
striking feature of this chart is the relatively great 
length of the lines forming the patterns. The ratio 
of length to width of line is sufficiently great that 
the visual resolving power as read will not be subject 
to variations arising from end effects, and the images 
will continue to look like lines down to the limit 
of resolution. The ratio is also sufficiently great 
that the variation of resolving power with ratio 
of length to width of line can be neglected [5]. In 
addition, both the original test pattern and the 
images on a negative formed by a lens can be readily 
scanned with a recording microdensitometer. This 
property permits the user to make accurate measure- 
ments of the contrast between line and space for 
both object and image for studies involving degrada- 
tion of contrast for a particular lens-emulsion 
combination. 

The same size test chart is used in the various 
collimators so that it is necessary to apply the 
“cosine” and “‘cosine-squared”’ corrections to images 
formed off-axis. 


b. Short Three-Line Charts 


These charts, shown in figure 2, were adapted 
from that used in the camera calibrator [9]. The 
basic line pattern of this chart is the same as that 
prescribed in the specification prepared by Com- 
mission | of the International Society of Photogram- 
metry in 1952 [1] which is listed under paragraph 
1.3.3 of the specification as the ‘three line high 
contrast target.” The three-line patterns reduce in 
size in a geometric progression, the ratio being /9. 
The sizes of the patterns in the off-axis targets have 
been modified to compensate for the ‘cosine’ and 
“cosine-squared”’ factors affecting the resolving 
power values for radial and tangential lines. For 
lenses having a focal length of 6 in., the range of 
values of resolving power in the image plane of 
the lens under test extends from 5.9 to 264 lines/mm. 


c. Annulus Test Chart 


At the time the chart containing the series of 
short three-line patterns was made, a series of 
annulus patterns was included as may be seen in 
figure 2. The range of sizes is the same as for the 
short three-line patterns. The shape of the off-axis 
patterns was also distorted so that at specified angles 


they register on the test negative as circles. This 
pattern differs from that described in the inter- 


national specification in paragraph 1.3.5 [1] in that it 
is high-contrast and consists of a dark circle on a 
light background. 
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Ficure 2. Short three-line and annulus chart. 
The three-line chart consists of patterns of parallel lines in two orientations 
2 . : P : ne ae) . 
with spaces varying in a geometric progression by V2. The circle or annulus 
¢ P P ° P ee . . 
charts change in size in a geometric progression by V2. For a lens having a 
focal length of 6 in., the range of values in the image plane extends from 5.9 to 
264 lines/mm., 


2.3. Test Negative 


In making the test negative, the lens under test 
is initially so alined that its optical axis is parallel to 
and approximately coincident with the axis of the 
collimated beam emergent from the first collimator. 
The lens is adjusted along the bench to a location 
such that the collimated beam at 40° from the axis 
fills the front aperture of the lens under test as 
viewed through the lens at an inclination of 40° 
from the axis. The plate holder is adjusted to a 
position such that the front surface of the emulsion 
is in the plane of best visual axial focus for the 
central row of images to be registered on the plate. 
The plate holder is then moved to a position 1.05 
mm nearer to the lens, and an exposure is made by 
illuminating the reticles in odd-numbered collimators, 
which thus registers the imagery on the plate at 10° 
intervals for the range of angles from B=0 to B=40°. 
This process is repeated with the plate being moved 
0.15 mm farther from the lens until 15 exposures 
have been made with the last for the plane 1.05 mm 
farther from the lens than the position of best visual 
axial focus. Between each exposure, the plate 
holder is also moved downward by an amount 
sufficient to avoid superposition of successive rows 
of images. The foregoing operation registers the 
imagery for the long-line patterns on the plate. The 
plate holder is then returned to its initial position for 
which the emulsion surface is 1.05 mm nearer to the 
lens than the plane of best visual axial focus; the 
plate is displaced sidewise in its holder approxi- 
mately 12 mm; and the entire bench on which the 
camera is mounted is rotated on its pivot by 5° so 
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that the axis of the lens is now parallel to and nearly 
coincident with the axis of the collimated beam 
emergent from the second collimator. The foregoing 
procedure is then repeated with the exception that 
exposures are made by illuminating the reticles 

the even-numbered collimators, which again register 
imagery on the plate at 10° intervals for the range 


of angles from 6=0° to 8=40°. This process 
registers the imagery for the short three-line and 


annulus patterns on the plate. The exposed plate 
is then processed to form the finished negative from 
which values of resolving power are determined. 

All exposures are made with the reticles illumi- 
nated by light from tungsten lamps with K—3 filters 
between the light source and test charts. Neutral 
filters are used to adjust the intensity of the illumi- 
nation of the plate so that the final resulting optical 
density of each image on the negative is approxi- 
mately the same for all values of 8. The two types 
of photographic plates used in this work were 
Eastman Spectroscopic VF, which has a fine-grained 
panchroms: ~ emulsion, and Eastman Super Panchro 
Press, T V pe ¢ 


2.4. Reading the Negative 


The negative images were examined with a micro- 
scope using powers ranging from 30 to 50> 
The criteria for declaring a particular line pattern 
to be the finest resolved were that all coarser patterns 


were clearly resolved and that the number of lines 
in a given pattern was the same as that of the 
corresponding pattern in the object. For the 


annulus pattern, the prime criterion that all coarser 
patterns were resolved was used. 

It was readily apparent that there were marked 
differences in the ease of reading the three types of 
patterns. The long-line pattern was the easiest of 
the three, and the feeling of confidence in the values 
recorded was accordingly the greatest. The short- 
line pattern was the next easiest, but there was an 
appreciably higher level of uncertainty in the reli- 
ability of the higher values of resolving power. The 
annulus pattern was the most difficult when attempt- 
ing to determine the limit of resolution. It is note- 
worthy that the single circular black spot, which 
appears on the test chart in each cell of the target 
and which is identical in size with the white inner 
circular area of the annulus pattern, was easier to 
read than the annulus. It was usually possible to 
distinguish this single spot on the negative down to 
smaller sizes than the annulus; it could usually be 
detected down to one or two steps smaller in size. 
The presence of this spot was frequently used as an 
aid in determining the limiting resolution for the 
annulus. 


3. Results of Measurements 


The results of measurement on six wide-angle 
lenses are reported and analyzed in this study. Three 
lenses, designated Nos. 1, 2, and are essentially 
distortion free; the other three, designated 3, 4, 
and 6, have moderate amounts of distortion. Meas- 
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urements of resolving 


power were made at 10° 

intervals from 0° to 40°. 
Negatives were made with both VF and SP 
emulsions for each of the six lenses. For a given 


lens, the plane of best visual axial focus is the same 
for each emulsion. The measured equivalent — 
heaeth for the plane of best visual axial focus for ; 
given lens was the same for each emulsion and type 
of target pattern. The maximum range of change in 
measured equivalent focal length for the various 
conditions of test did not exceed +0.02 mm for a 
given lens. 

In the presentation and analysis of the results of 
measurement in an investigation of this sort, it is 
necessary to keep in mind the primary aims of the 


study. First, the intercomparison of the magnitudes 
of the measured values of resolving power for each 
type of pattern and emulsion is important. Second, 


it is important to determine whether or not any 
shift of the plane of best definition occurs with type 
of target pattern. In addition, the manner in which 
the values of resolving power for the various patterns 
wax and wane as the image plane approaches and 
passes through the plane of best visual axial focus 
is of interest. 

In an earlier paper [10], the measured values of 
resolving power for tangential lines (7’3) and radial 
lines (22g) obtained with the short three-line chart 
using VF and SP emulsions for values of 8 ranging 
from 0° to 40° at 10° intervals are presented in tabu- 
lar form for lens No. 1. In addition, the values of the 
geometric means values ,/?373 are also given. In 
this paper, a discussion of the various indices used in 
locating the plane of best average definition is given. 
These indices are as follows: 


(a) Root Mean Square Mean (RMSM). This is 
defined as 
RMSM MCLE vV fsT 3. 
n 


In the above expression, 3 and 7; are measured 
values of resolving power for radial and tangential 
lines for discrete values of 8 ranging from 0° to 40° 


in 10° steps. The number of steps, 7, in this instance 
is five. 
(b) Area We ighted Average Resolution AWAR) 
This is defined as 
AWAR=>° ! J RTs 
J d iA \ tigi, 


where ag is the area of a particular annular zone, Rg 
is the average resolving power for radial lines, and 73 
is the average resolving power for tangential lines 
for that zone. The value of Sag is the entire area A 
of the picture formed. 

Area and Depth-of-Focus Weighted Average Res- 
olution (ADWAR). This is defined as 


(3!'3 


ADWAR=>> “7? 


RsT3, 


where 
9 dodo 


2 ’ 
B drip, 


where dy, is the depth of focus for tangential lines, 
dp, 18 the depth of focus for radial lines, and dy is the 
depth of focus on axis for a given value of resolving 
power. 

Because some of the results for one type of pattern 
used in this paper have already been presented in 
tabular form, it was decided to present the results of 
measurement and some of the quantities derived 
from the measurements in graphical form. 

The results of measurement are presented in figures 

3 through 9. Values of the resolving power for tan- 
pe lines (7) and radial lines (22) are shown for 
the two emulsions and three patterns for lenses 1 and 
3 only. These results on these two lenses are given in 
the left and central columns of graphs in figures 3, 4, 
5,and 6. The nature of the test pattern is indicated 
by the symbols, / for long-line, S for short-line, and 
A for annulus. The values obtained for the annular 
patterns are shown on both sets of graphs for ready 
comparison with the Zand 2 values for L and S. It 
is readily apparent from these graphs that the higher 
values found for resolution of long lines are more 
evident for the regions inside focus (negative values 
of Af) than for the regions outside focus (positive 
values of Af). This is in keeping with a similar find- 
ing reported by Selwyn and Tearle [11]. This effect 
is present for both VF and SP emulsions for axial 
resloving power; it is usually more noticeable for the 
VF emulsion. The values found for the annulus 
pattern are generally substantially lower than the 
values for either tangential or radial lines throughout 
the region of usable imagery as might be inferred 


from similar comparisons previously reported [5, 6]. 
The values of ¥Rs73, the geometric mean value 


of resolving power for tangential and radial lines, 
are given for each value of 8 for each of the six lenses 
for both emulsions. For lenses No. 1 and 3, values 
of yPRsT3 are shown in the right-hand column of 
figures 3, 4, 5, and 6. The values of yRs73 for 
lenses No. 2, 5, 4, and 6 are presented in the five 
upper sets of graphs in figures 8 and 9. These 
curves permit a ready comparison of the average 
values of resolving power for the three types of 
patterns for the five values of 8. 
appropriate to use values of y 373 in a comparison 
of values obtained by line targets with that obtained 
by the annulus target. For the annulus, the value 
of y M37 is simply the observed value of the resolv- 
ing power. 

ied lenses No. values of the three indices 
VR3Ts, AWAR, and ADWAR for the three types 


of ine patterns and two emulsions are given in 
For lenses 2, 5, 4, 


ae9 


It also seems more 


and 3, 


figure 7. and 6, values of VR2373 
are shown in the lower row of graphs in figures 8 


and 9. Values of AWAR and ADWAR were de- 


termined for these four lenses but are not shown. 


549993—60 4 





3.1. Location of the Plane of Best Average Definition 


The plane of best average definition was located 
for each lens both by graphic ‘al analysis and by 
location of the maximum value of the various indices 
for each type of pattern and each emulsion. 


a. Graphical Analysis 


The plane of best average definition for each lens 
for each set of conditions was located by the graphi- 
cal method reported in a previous paper [10]. The 


| separations, Af, along the optical axis of the lens of 


the focal planes of best average definition for short- 
line and annular patterns selected by graphical 
analysis from the focal planes of best average defini- 
tion for long-line patterns selected in the same 
manner, are shown in table It is clear from this 
table that there is no significant variation in the 
location of the focal plane of best average definition 
for these three types of test pattern. Such variation, 
as appears is usually random and within the limits of 
experimental error. Table 2 shows the variation in 
location of the plane of best average definition for 
the three types of patterns using SP emulsion com- 


pared with that for long-line patterns and VF 
emulsion. In this instance, the optimum image 


plane for SP emulsion appears on the average to be 
slightly nearer the lens than the corresponding plane 
for VF emulsion. 


TABLE 1. Separations, Af, of the focal plane of best average 
definition for long lines selected by graphical analysis from 
focal planes of best average definition for short-line and annulus 
patterns selected by graphical analyses 


Results are given for six lenses and two emulsions. 


Values of Af 


Lens 
No. VF emulsion SP emulsion 
t 
Short line Annulus Short line Annulus 
mm mm mm mm 
l 0.00 0.15 0. 00 0.00 
2 00 15 .00 —.15 
3 30 00 00 . 00 
4 00 15 00 00 
5 00 00 00 . 00 
6 00 00 00 OU 
TasnLe 2. Separations, Af, of the focal plane of best average 


definition for long lines with VF emutsion selected by graphical 
analysis from the focal planes of best average definition for 
long line, short line, and annulus patterns obtained with SP 
emulsion by graphical analyses 


Values of Af 


Lens 
No. 
Long line | Short line Annulus 
mm mm mm 

1 0.15 —(0.15 —(). 15 
2 15 —.15 —.30 
3 00 00 .00 
} . 00 .00 .00 
5 .00 . 00 .00 
6 —.15 —.15 —.15 
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FIGURE 3. Resolt ing power versus position of the image plane for lens No. 1 with VF emulsion. 


» . . 1 1 f 77. a ° 

The resolving power throughout the region of usable imagery is shown for tangential (7) and radial (7) lines and for the average + Rg 7's at 10° intervals from 0° 
to 40°. Values are given for long-line () and short-line (S) test patterns. Values for the annular (A) pattern are shown with the cerresponding 7, R, ind VReTe 
values for ready comparison. The zero of abscissas (Af) marks the position of best visual axial focus, and positive values of abscissas indicate positions farther from 
the lens 
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Picure 4. Resolving power versus position of the image plane for lens No. 1 with SP emulsion. 
The resolving power throughout the region of usable imagery is shown for tangential (7) and radial (2) lines and for the average VRsTs at 10° intervals from 0° 


to 40°. Values are given for long-line (Z) and short-line (S) test patterns. Valves for the annular (A) pattern are shown with the corresponding 7, RP, and ¥PsTs 
ee for ready comparison. The zero of abscissas (Af’ marks the position of best visual axial focus, and positive values of abscissas indicate positions farther from the 
ens, 
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Figure 5. Resolving power versus pesition of the image plane for lens No. 3 with VF emulsion. 


This set of curves gives information on lens No. 3 of the same type that is given in figure 3 for lens No. 1 
yI 
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FiGurRE 6. Resolving power versus position of the image plane for lens No. 3 with SP emulsion. 


This set of curves gives information on lens No. 3 of the same type that is given in figure 4 for lens No. 1, 
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FIGURE 7. Variation of AWAR, ADWAR, and y RgTs with position of the image plane for lenses Nos. 1 and 3 for VF and SP 
emulsions. 


Values of these indices are given in lines per millimeter for long-line (ZL 


, Short-line (S), and annular 1) patterns. The zero of abscissas (Af) marks the position of 
best visual axial focus, : 


and positive value of abscissas indicate positions farther from the lens. 
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Figure 8. Average resolving powers versus position of the image plane for four lenses with VF emulsions. 


Values of the average resolving power /F7's are shown at 10° intervals trom 0° to 40°. The lowest box in each column shows values of the root mean square 


mean} Rs Ts. _ Values are given for long-line (7), short-line (S), and annular (A) patterns. The zero of abscissas (Af) marks the position of best visual axial focus, and 
positive value indicate positions farther from the lens. 
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FIGuRE 9. Ave rage resolving powers versus position of the image plane for four lenses with SP emulsions. 


Values of the average resolving power + P37 are shown at 10° intervals from 0° to 40 The lowest box in each column shows values of ¥ Ps7's. | Values are 
Vv R. . . 4 
given for long-line (), short-line (S), and annular (A) patterns. The zero of abscissas marks the position of best visual axial focus, and positive value indicate positions 
farther from the 
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b. Maximum Value of Indices 


The plane of best average definition for each lens 
for each set of conditions was also located with the 


aid of each of the three indices, VReTs, AW. AR, and 
ADWAR. In each instance, ‘the ‘optimum image 
plane was located with respect to the focal plane of 
best average definition for long-line patterns selected 
by gr aphical analysis. The “results are shown in 
table 3. It is clear from this table that the varia- 
tion is, in general, within the limits of experimental 
error. 
TaBLE 3. Separations, Af, of the focal plane of best average 
definition for long lines Be oe by graphical analysis from 
the focal planes indicated by the maximum value of the indices 


VR3T;, AWAR, and ADWAR 


Results are shown for six lenses and two emulsions. 





VF emulsion SP emulsion 
Lens 
No 


Long line | Short line 


Annulus | Long line | Short line | Annulus 





Separations, Af, of plane selected by graphical analysis from planes 


selected by maximum value of V Ps7s for 





mim mm mm mm mm mm 


1 0.15 0.00 0.15 0.00 0.00 0.00 
2 15 .00 15 15 .00 —.15 
3 15 . 30 . 30 . 00 . 00 . 00 
4 15 .00 ~ 15 . 00 —.15 . 00 
5 15 15 . 00 .00 .00 00 
6 00 .00 . 00 .00 . 00 00 


) Separations, Af, of plane selected by graphical analysis from planes se- 
lected by maximum value of AW AR for 


l —(). 15 0. 00 0.00 —(0.15 —0.15 0.00 
- 15 00 —.15 —. 30 -.15 —.15 
3 30 . 30 . 00 . 00 . 00 15 
4 00 00 —.15 00 00 . 00 
5 00 .00 00 .00 —.15 00 
6 OO —. 30 . 00 .00 .00 . 00 


Separations, Af, of plane selected by graphical analysis from planes se- 
lected by maximum value of ADWAR for 


l 0.15 0.00 0.00 —(0.15 —(0).15 0.00 
9 OO 00 00 —.15 00 —.15 
3 15 . 30 00 . 00 .00 . 00 
4 00 —.15 —.15 00 —.15 00 
5 00 00 .00 . 00 —.15 . 00 
6 00 —.15 . 00 .00 . 00 .00 


4. Comparison of Results Obtained With 
the Three Charts 


In the foregoing sections, it was shown that the 
focal plane of best average definition could be readily 
located using any one of the three types of test charts 
under consideration. Moreover, such minor differ- 
ences in location that were noted could be regarded 
as negligible in comparison with experimental error. 

In the present section, some attention is given to 
the actual magnitudes of the values of resolving 
power obtained with the various charts. Some 
attention is also given to the use of the indices as 
rating factors. 


4.1. Values of Resolving Power in Focal Plane of 
Best Average Definition 


Values of \RsT3, VR: RsTs, AWAR, and ADWAR 


are shown in tables 4 and 5 for various patterns and 








| 
| 


| 
| 
} 
| 





emulsions. These values are all for the plane of best 
average definition for long-line patterns. In some 
instances, the value of a given index was higher for 
an adjacent plane. This is indicated in ‘table 6 
which shows the departure in percent of the maxi- 
mum of a given index from the value reported in 
tables 4 and 5. It is noteworthy that the departures 
are for the most part negligible. It is clear from 
tables 4 and 5 that it would be difficult to determine 
the value of resolving power that might be obtained 
for a given type of pattern at a given angle 8 when 


TaBLE 4. Comparison of values of average resolving power 
obtained with three types of test chart using VF emulsion in 


the plane of best average definition for long lines selected by 
graphical analysis. 


Values of ¥RaTs, ¥Pa7Ts, AWAR, and ADWAR are shown for six lenses for 
long line, short line, and annulus charts. All values of resolving power are 
given in lines per millimeter. 


V RaTs 





Indices 

Lens Target - nae gs, sil li snertscingiadieeecieaaiaanan iS 

No. é ————e 
0 10 20° | 30° | 40° VFPsTs | AWAR |ADWAR 
1 | Long line 59| 58| 46| 44] 43 50 46 | 49 
Short line 56 49 56 35 19 45 38 | 45 
Annulus 33 38 28 16 8 27 20 | 26 
2 | Long line 54 | 52| 49 | 47] 46 50 | 48 | 49 
Short line 47 49 42 45 49 46 | 46 46 
Annulus 28} 32| 28; 2 19 26 | 23 26 
3 | Long line 54 48 45 44 39 46 43 46 
Short line 66 14 36 38 34 45 38 41 
Annulus 33 32 20 16 19 25 20 22 
4 | Long line 59 48 39 32 29 43 35 38 
Short line 51 54 34 33 26 41 34 38 
Annulus 33 32 20 16 13 24 18 21 
5 | Long line. 54 48 49 38 28 44 39 41 
Short line 47 49 2 28 29 40 34 38 
Annulus 23 45 28 16 16 28 23 28 
6 | Long line 65 48 45 38 33 47 | 39 42 
Short line 51 45 34 33 34 40 | 35 37 
Annulus_-. 39 | 32 17 | 16 19 26 20 22 
TABLE 5. Comparison of values of average resolving power 


oblained with three types of test chart using SP emulsion in 
the plane of best average definition for long lines as selected 
by graphical analysis 


Values of VReTs, VRaTs, AWAR, and ADWAR are shown for six lenses for 
long line, short line, and annulus charts. All values of resolving power are given 
in lines per millimeter. 


v Rp Ts Indices 
Lens Target ae —< Sm sedi 
No. ao 
0 10 20° | 30° | 40 VRsTs | AWAR |ADWAR 
1 | Long line 32 | 32] 23) 22) 2 23 25 26 
Short line 33 24 22 21 14 24 20 22 
Annulus 20 19 14 13 i] 15 12 15 
2 Long line 29 29 23 23 20 25 23 | 25 
Short line 25 24 20 20 18 22 20 21 
Annulus 20 19 10 12 11 15 | 12 14 
3 | Longline..| 29] 29| 25] 24] 20 26 | 24 25 
Short line 28 22 21 20 19 22 | 20 21 
Annulus 23 19 14 12 11 16 1 14 
4 | Long line 32 27 25 22 17 25 22 24 
Short line 25 27 22 19 14 22 19 21 
Annulus 23 | 19) 12 2; ll 16 14 
| | | 
5 | Longline...| 27| 27] 21] 19| 19 23 | 20 | 22 
Short line 28 20 18 16 16 20 | 17 18 
Annulus__- 20 16 17 12; 13 16 14 | 15 
6 | Long line 30 29 27 22 19 23 | 25 26 
Short line 25 27 18 18 16 21 18 20 
Annulus 2 | 22} 12| 10] 11 16 12 14 
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TABLE 6. Departure in percent of the maximum vaiue 
given index from that occurring in the plane of best average 
definition for long lines selected by graphical analysis 


of a 


Results are shown for ¥ ’s 73, AWAR, and ADWAR for six lenses with each 
type of target for V F and SP emulsions. 


VF SP 
Lens 
No. 

VRs T3 AWAR |ADWAR VRz3 T3 AWAR |ADWAR 

Long-line Long-line 

| | | 

1 1.0 2.6 0.6 3.4 0 0.0 
2 2 1.0 0 274 1.7 1. ¢ 
3 3.3 0.0 3.3 0.0 0.0 0.0 
4 3.0 .0 0.0 .0 0 0 
5 0.9 0 .0 0 .0 0 
6 0 0 0 0 .0 0 

Short-line Short-line 

| 
l 0.0 0.0 0.0 0.0 1.5 1.8 
2 0 0 0 0 1.0 0.0 
3 0) 0 0 .0 0.0 0 
4 0 0 2 0 5 0 
5 5 0 0 0 Fe 1.6 
6 0 3.6 5 .0 0.0 0.0 

Annulus Annulus 

j 

1 0.0 3.9 1.9 0.0 0.0 0.0 
2 6.5 0.0 0.0 3.8 6.1 6.7 
3 13.0 0 0 0.0 0.8 0.0 
4 3.6 5 5 0 0 0 


5 0.0 0 0 0 0 0 
6 0 0 .0 .0 0 .0 


the value of resolving power for a different type 
pattern is known. The relative magnitudes of 
yisT3 at a given value of 8 for the various type 
patterns are significantly different for the different 
lenses. Certain generalizations can, however, be 
drawn. The values of , 373 in general are highest 
for the long-line and lowest for the annular patterns 
with the values for the short-line patterns being 
usually slightly lower than those for the long-line 
patterns. 


4.2. Use of Indices as Rating Factor 


In table 7, the relative ratings of lenses 1 through 
6 are shown for each of the various conditions of test. 
It is, at once, apparent that the order of merit is not 
the same for the various patterns. This variation 
in the order of merit emphasizes the fact that indices 
such as these ought not to be used to differentiate 
between lenses unless the differences are of the order 
of 10 percent or more. Thus, in considering the 
relative merits of these lenses, 1, 2, and 3 are usually 
more favorably rated than 4, 5, and 6. However, 
it would be difficult to arrange 1, 2, and 3 in order of 
decreasing performance. Likewise, it would be 
difficult to arrange 4, 5, and 6 in proper order. Most 
of this difficulty arises from the relatively small 
differences in the particular index. 


4.3. Relative Magnitudes of Values of Resolving 
Power 
a. For Three Types of Test Pattern 


It was evident at a fairly early stage in the investi- 
gation that there is no clear-cut ratio existing between 


TABLE 7. 


Rating of six lenses in order of merit for VF and SP 
emulsions 


The ratings are made for each of three targets on the basis of the relative 


magnitude of the three indices ¥V Ps 73, AWAR, and ADWAR. 


VF emulsion SP emulsion 
Lens 


No Rating based on Rating based on 


| 
AWAR |ADWAR 


j 


| 
AWAR |ADWAR| VR 75 











VRs T3 


| | 

1) Long-line (a) Long-line 
| 1 2 ] 4 1 l 
2 l l 1 2 4 3 
3 4 3 3 1 3 3 
$ ( 6 6 2 5 
5 $ 5 4 6 6 
6 $ 4 4 } ] l 

b) Short-line (b) Short-line 
l 3 2 2 1 1 1 
2 ] 1 l 2 l 2 
3 1 2 3 2 ] 2 
4 4 5 4 2 4 2 
) 5 4 6 6 6 
f 4 6 ) 5 ) 

c) Annulus (c) Annulus 
1 2 3 2 5 4 | 1 
2 3 1 2 5 4 3 
3 ) 3 4 1 2 $ 
{ 6 6 6 1 2 3 
5 ] 1 1 1 1 1 
6 3 3 4 1 4 3 





values of resolving power obtained for one type of 
pattern and those obtained for another type of pat- 
tern. This is at once apparent from consideration 
of the various curves in figures 3 through 9. Even 
on axis, there are variations which might be in part 
a consequence of the large interval between succes- 
sive patterns but are more likely a consequence of 
the inherent uncertainty in locating the limit of 
resolution. However, some idea of the approximate 
magnitude of the values of resolving power for the 
various patterns relative to one another can be 
gained from consideration of the relative magnitudes 
of the various indices. Ratios have been computed 
for long-line versus short-line, short-line versus an- 
nulus, and long-line versus annulus for the various 
indices for VF and SP emulsions. These ratios are 
shown in table 8. From these values, one may infer 
that the values of resolving power obtained with 
long-line patterns using SP emulsion are likely to be 
18 percent higher than values obtained with short- 
line patterns. In a similar manner, values for short- 
line patterns may be expected to be 45 percent 
higher than for annular patterns. Long-line pat- 
terns may be expected to yield values approximately 
70 percent higher than annular patterns. 
b. For Two Types of Emulsion 

Of the two emulsions for which values are reported 
in this study, the VF emulsion has been used at the 
Bureau over a long period of years in making the 
negatives used in evaluating equivalent focal length, 
distortion, and resolving power of lenses. It has 


| been eminently satisfactory for this purpose, and 
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TaBLE 8. Ratio of values of given indices as a function of 


pattern type 


Values are given (a) for the average ratio (L/S) ws" the values of a given index 
for long lines and the same index for short lines. Values are also given (b) of 
the average ratio (S/A) of the vi ee" a given index for short lines and the same 
index for annulus type patterns. Values are also shown of the average ratio 
(L/A) of the v: meee : given index for long lines and the same index for annulus 
type patterns. alues are shown for both VF and SP emulsions together with 
the probable error of a single observation (P£,) for each ratio. 


a) Values of L/S and PE, for emulsion 

















Index VF SP 

L/S PE, L/S PI 
Rg Ts 1.09 +0. 04 | 1.11 +(). 05 
AWAR | UE 05 1.22 06 
ADWAR 1.08 .03 1. 20 03 
(b) Values of S/A and PE, for emulsion 

S/A PE, S/A PE, 
VF. Ts 1.66] +0.11 1. 40 | +0. 09 
AWAR 1.82 | 12] 1.51 ok 
ADWAR.. 1.70 mp | | 1.43 07 
(c) Values of Z/A and PE, for emulsion 

L/A PE, LIA PE, 
ct Ss 1. 80 | +(). 07 1.55 +(). 07 
WAR 2.02 14 1. 84 18 
DWAR 1.84 -12 1.72 .08 








numerous specifications involving resolving power 
of lenses are based upon determinations made there- 
with. In recent years, there has been a tendency 
on the part of many engaged in evaluating lens per- 
formance to use emulsions similar to the SP emul- 
sion used in this study. ‘This practice is justified on 
the grounds that with this emulsion, the test condi- 
tions more nearly approximate the conditions of use. 

Because the two types of emulsion are used for 
much the same purpose, it is of interest to compare 
the values of resolving power under like conditions 
for the two emulsions. It is clear from the curves 
shown in figures 3 through 9, that there is no clear- 
cut ratio that is valid for all conditions of focus and 
for all angular separations from the axis. Accord- 
ingly, the ratios existing between the values of the 
various indices for the two emulsions were deter- 
mined and are shown in table 9. From this table, 


TABLE 9. 


Ratio q of the value of a given index in plane of best 
average 


definition for VF emulsion to the value of the same 
index in the plane of best average definition for SP emulsion 
for three types of test patterns 





Values of the ratio are shown V F's T's, AWAR, and ADWAR obtained with 
long-line, short-line, and annular patterns. These are average values for six 
lenses, and the probable error of a single determination of each ratio is also shown. 


Ratio for patterns comprised of 


Index Long lines Short lines Annuli 
q PE, | q PE q PI 
Saas ss 
VRs Ts : 1.94 +(). 12 1.97 +0. 09 1. 66 +0). 09 
AWAR.......... 1. 80 14 1.97 il 1. 64 11 
ADWAR 1.79 il 1.99 2 1. 68 








one may infer that the values of resolving power 
obtained with VF emulsion are likely to be 84 per- 
cent higher for long-line patterns, 98 percent higher 
for short-line patterns, and 66 percent higher for 
annular patterns than are obtained for SP emulsion. 


5. Conclusion 


In this study, the values of the resolving power 
of six lenses were measured using three types of 
target pattern and two emulsions. Analysis of the 


results of measurements leads to the following 
conclusions. 


(1) For either of the two emulsions used, the same 
plane of best average definition is usually selected 
by graphical analysis for long-line, short-line, and 
annulus target patterns. 

(2) The plane of best average definition located 
with the VF emulsion is generally identical with that 
located with SP emulsion. 

(3) While small variations in the location of the 
focal plane occur with type of index used, these var- 
iations are generally sufficiently small that the plane 
selected by anyone of the three indices is likely to 
prove satisfactory. 


The authors express their appreciation to other 
members of the staff of the National Bureau of 
Standards for assistance during this work and in 
particular to E. C. Watts who prepared the illustra- 
tions. 
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A Multiple Isolated-Input Network With Common Output” 
C. M. Allred and C. C. Cook 


(March 31, 1960) 


A circuit is described having n inputs which are isolated from each other but fed into 


a common output. 


Theoretically, the circuit presents matched impedances at each of the 
inputs and the output and has minimum transmission loss. 


Design equations are presented 


for the general case and performance data is given for a two-input and a three-input unit. 


1. Introduction 


In certain highly accurate aud precise attenuation 
measurements a network having multiple inputs and 
a common output was needed. The following char- 
acteristics were to be met: 

(a) The network should be symmetrical; that is, 
each input should have identical electrical character- 
istics with respect to the output and to every other 
input. 

(b) The inputs should be isolated from each other; 
that is, an excitation applied to any input should 
produce negligible response at any other input. 

(c) The network should have maximum sensi- 
tivity; that is, a change in the excitation at any 
given input should produce as large a power change 
in the output as possible. 

(d) The input impedance is specified. 

(e) Stability considerations require the use of 
passive, linear, bilateral elements: resistors, capaci- 
tors, and inductors. 

(f) The system should be unbalanced so the inputs 
and output have a common ground. 

(¢) The network need have these characteristics 
at a single frequency only. 

The design equations for such a network are given 
for a circuit with ‘fn’ input terminals. Experi- 
mental results for n=2 and n=3 are presented. 


2. Theory 
2.1. General 


A network possessing the above characteristics 
will, of course, have properties not explicitly stated 
above. It is shown below that even less restrictive 
networks (those meeting only requirements (b), (e), 
and part of (a), where only the ratio of output 
power to input power for single input excitation 
need be equal for all inputs) must contain losses. 
This is true even when ideal lossless capacitors and 
inductances are available. These losses affect the 
sensitivity requirement (c), and therefore should be 
minimized. However, there is a limit to which the 
losses can be reduced. 

Let a, called the sensitivity, be defined as: 


~ Dp 
P, 


*Contributions from Radio Standards Laboratory, National Bureau of Stand- 
ards, Boulder, Colo. 





where Px is the output power when only the kth 
input is excited. The power into the kth input is 
Py. 
It is shown in the following that the maximum 
attainable a is: 
1 


Qmax= Nn, 


Thus a specific network may well have an @ which is 
less than 1/n, but no network, no matter how nearly 
ideal, if it fulfills even the lesser requirements, can 
have an @ greater than 1/n. 

To obtain the maximum value of a, consider a 
network with n inputs where the input impedances 
and phase shifts between output and input may be 
arbitrarily different for each input. However, it is 
assumed that the actual ratio, a, of the output 
power, Px, to the input power, P;, where only the 
kth input is excited, is the same for each input and 
there is complete isolation between all inputs. Thus 


ot ot Lox Gt 

I k Lk Gy 
for k=1, 2,..., n. Here Ey is the magnitude 
(rms) of the voltage across the load when only the 
kth input is excited with a voltage of magnitude F,. 

If all inputs are excited from coherent sources 
with magnitudes and phases such that the input 
powers are equal and the output voltages are all in 
phase, the following relationships hold. 


j nP, 
Fe (n Fux)’Gr =n r.. 


where P;, and P, are the total input and output 
powers, respectively. 
The conservation of energy requires that 


: > 
Py: f ot c 
or 
nP. n?P ox-+ i 
where P, is the power lost in the circuitry. 
Rearranging terms and using the definition of a, 
one obtains 
TS 


a Mec 
n n’P, 
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The maximum value of a occurs when P, 


0 (passive 
networks only are considered). Thus 


Qmax— 


The following aspects of the discussion may well 
be emphasized: 

(a) The maximum possible value of a, a@max, IS a 
property of the network arising from the require- 
ment of equal sensitivities for all inputs and total 
isolation between the inputs. 

(b) The quantities, aand amax, are defined only for 
single input excitation. 

(c) The ratio of the total output power to total 
input power when more than one input is excited is 
not specified and may vary between the limits of 
zero and unity depending on the levels and phase 
relations between the excitations. 

(d) The above proof does not imply that a net- 
work with maximum ea contains no dissipative 
elements but merely that when all inputs are excited 
so as to have outputs that are equa! in magnitude and 
phase, then no power must be dissipated within the 
network. This is a case where the ratio of the total 
power out to total power in is unity. 


2.2. The Actual Circuit 


While there are other networks possessing the 
desired characteristics, the one used here is a modi- 
fication of the familiar bridged—T infinite rejection 
network.! 

The familiar bridged—T network is shown in 
figure 1. This may be redrawn in the form of 
figure 2. The inductance L’, which does not alter 
the infinite rejection characteristics, is added to 
make the input admittance purely conductive. 
Here, PR is considered the load, Rr, which would be 
applied to the output terminals and is not included 
in the drawing. The circuit extended to four inputs 
is shown in figure 3. 

The extension to n inputs is apparent. This 
consists of coupling each input with the output 
through a capacitor, C, and each input with every 








G. E. Valley and H. Wallman, Vacuum tube amplifiers, ch. 10, Radiation 
Lab. Ser McGraw H Book Co., Inc., New York, N.Y., 1948 
3 r 
Cc Cc 
a} 
si | 
R 
e —® 
FicurRE |. Bridged-T infinite rejection network. 











Frcure 2. Bridged-T network in different form. 





Four-inpul infinite rejection network 


FIGURE 3. 


other input through a resistance-inductance series 
circuit (rand L). Again, a shunt inductance, L’, is 
placed across each input in order to make the input 
admittance purely conductive. The nodal equa- 
tions * may be readily written for the m input case. 
They are: 


H. W. Bode, Network analysis and feedback amplifier design, ch, 1 (D. Van 
Nostrand Co., Inec., 250 Fourth Avenue, New York, N.Y., 1945): M. E Van 
Valkenbur Network analysis, ch. 3 (Prentice Hall, Inc., New York, N.Y., 


1955 
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n 


as (jut + l ) 


r+jwl © jw’ 
1 , ; 
—(@.+é;+.. Fen) — — (1) 
: n—1 ] 
(ject, ol’) 
] 
—=1 61-1 eg t én), ma" JwC= Vo (2) 
: n—1 ] 
én ( jects] al’) 
] ? : 
—(e,e Cn Uae a (3) 
‘ i 1 
—(e€;+6@:+ ...+6,)Jwe- eo( njwe+ R, ) =()- (4) 


If all applied currents are zero except one, say 4, 
and all input voltages are required to be zero except 
é, the equations reduce to: 


P n—1 a ; ; ie 
1 ( jwe += val, + jal’ )— oder "t (5) 
| : 
— ¢ i; jo Q (6) 
. . l 
— €)JWC+- €o ( Njwe+ R ) =()- (7) 
" ‘LT 


Equations (6) and (7) require relationships between 
the components which are: 


werh, l ( 8) 

wlwc=n. (9) 

Subtracting eq (6) from eq (5) and obtaining the 
ratio, é;/7;, the input impedance is found. If this is 


required to be F, (purely resistive), the following 
relationship holds: 


l , n l : 
; IWC --—— —s° 10) 
Ry ° TH gol, Jol. Sa 
On equating real and imaginary components: 
rte? L? 
hy=— 1] 
’ rm Na 
l nol 
we— — = 0). (12) 


ol!’ roel? — 
From these equations, the various relationships 
between the circuit elements necessary to obtain the 
desired network characteristics may be obtained. 
3. The Design Equations 


The relationships between the various components 
that produce the desired response described above 








are given below. These are presented in terms,of 
the parameters Q (Q=olL/r), the specified input 
resistance, /%), the number of inputs, n, and the 
angular frequency, w. 


Pie 3 gr 
P. te (for excitation at one input only) (13) 
k b 


Ex A, 30 


— —<=—— é 
Ex nyi+ (? (14) 


tan =G=7 (15) 
roe (17) 
. “Ts i (18) 
L a — ” (19) 
Z.=Rit0 (20) 
pate (22 

_ 


where /,;, is the output voltage across R; when EF, is 
applied across the kth input (the only input excited) ; 
and Zout is the output impedance of the network, i.e., 
the impedance seen by FP, looking back into the 
network. 


4. Experimental Results 


Two units to operate at a frequency of 30 Me were 
constructed. One unit (fig. 4) had two inputs and 
the other (fig. 5) three inputs. 

Stray capacitance, lead inductance, and_ inter- 
coupling between elements make it necessary to 
change the component values somewhat from the 
calculated values. Also, by letting the load imped- 
ance be complex, another parameter is available in 
the design. Since in the application intended for 
the units, the load impedance was arbitrary, this 
property was used. Thus the load is not purely 
resistive. 

Two-Input Unit 
Isolation between inputs.____-_ 110 db 
Input impedance: 
Input 1___ 
Input 2_ 


50.4+ 70 ohms 
50.9-+-70 ohms 
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Sensitivity, «: Three-Input Unit 


Input 1 to output___ 4 db 
Input 2 to output 4 db Isolation between inputs: 
Load impedance 24.8+-)7.5 ohms Input 1 and input 2 _ 77.5 db 
Input 1 and input 3 77.5 db 
Input 2 and input 3 76.0 db 
Input impedance: 
Input 1 48.3-+-j0 ohms 
Input 2 50.0+-70 ohms 
Input 3 50.1+70 ohms 
Sensitivity, «: 
: Input 1 to output 6 db 
Feget eee s - eeewes © SSNYERS YY Input 2 to output _ 6 db 
Input 3 to output 6 db 
Load impedance 16.2+ 71.5 ohms 


5. Conclusions 


A useful network for unique applications in the 
field of precision measurements was obtained. It 
| may be of interest to note that the properties of the 
| network depend strongly on the load impedance ex- 
| cept when a sufficient number of inputs is excited in 
| a manner to produce a null at the load. For this 
| case there can be no dependence on the load imped- 
| ance as the load currents and voltages are zero. 
| Also for this case, the total input power is dissipated 

entirely within the network. 


The authors express their appreciation to Willard 
H. Long for the mechanical construction and William 
W. Kingston for his help in wiring, adjusting, and 
testing the units. 





Fiat RE gs Two-input inil. (Paper H4¢ 3 4()) 





FIGURE 5 Three-inp adounit. 
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Phase Angle Master Standard for 400 Cycles per Second 
J. H. Park and H. N. Cones 


(January 25 


A continuously variable, 
is described in detail. 


the termination, was devised. 
introduced by each z-section can be 
ance. 


1. Introduction 


Phase angle in this paper is defined as the quan- 
tity used to measure the time phase relation between 
two sinusoidal voltages of the same frequency. 
Highly accurate measurements of small angles, 1.e., 
less than 3°, have long been made in connection with 
instrument transformer calibration testing and phase 
angle defect measurements of capacitors. Imped- 
ance and power factor measurements involving some- 
what larger phase shifts but usually with less ac- 
curacy have also been performed for some time. 
However, until quite recently the accurate measure- 
ment of phase angle as such over a wide range and 
at frequencies higher than 60 cps has not received 
much attention. 

Interest in precise phase angle measurements has 
been aroused as a result of computer and guidance 
problems. Various methods and devices for measur- 
ing phase shift have been developed in solving these 
problems. In order to obtain accurate comparisons 
and coordination of the test data obtained in various 
standardizing laboratories, reference standards must 
be available which will maintain their calibration 
when shipped from one laboratory to another. Also, 
at least one laboratory (probably the National 
Bureau of Standards) must be capable of checking 
the absolute calibration of such reference standards. 

The calibration of reference standards most 
conveniently carried out if a master standard is 
available which has been thoroughly investigated and 
accurately calibrated. The purpose of this paper is 
to describe such a master standard which has been 
designed and constructed for use at 400 cps at the 
National Bureau of Standards and to explain the 
methods used in arriving at its calibration. 


IS 


2. Requirements of a Master Standard 


Conferences with various persons concerned with 
accurate phase angle measurements indicated that 
the greatest current need was for measurements 
from 0° to 180° at 400 eps with an accuracy of 0.019, 


“av, 


1960) 


Q- to 180-degree, phase shift standard for 400 cycles per second 
It consists of a x-section line made up of twelve 14.6 degree and three 
1.3 degree sections to provide for two sizes of coarse steps and an R 
to the line to provide for fine steps and a continuous fine control. 
adjusting the characteristic impedance of all z-sections to the same value 


C circuit at the input 
A method for accurately 
, which is used as 


Under these conditions it is shown that the phase shift 
accurately computed from a measured value of induct- 
The phase shift of each z-section was also determined by an experimental procedure 
dependent upon a 180-degree phase shift introduced by a toroidal transformer. 
obtained by these two independent methods agree 


The values 
to within 0.01 degree. 


if possible. There are numerous methods of obtain- 
ing phase shift in this range, and measurement 
accuracies to within a degree or even a few tenths 
of a degree can be attained without great difficulty. 
However, to cover the range from 0° to 180° with a 
0.01° accuracy at any point, a master standard 
must contain several different magnitudes of phase- 
shift steps which can be switched in or out by 
selector switches and a continuously variable fine con- 
trol. To obtain a usable calibration, the phase shift 
put in by each step on any selector switch or by any 
given change in the fine dial must be independent of 
the settings on all other switches and dials. In the 
case of a resistance decade box a similarrequirement is 
nearly always automatically fulfilled, but for most 
phase shifting devices this is not true. For a master 
standard phase shifter it should also be possible to 
compute phase shift for each step from the measured 
values of resistance, capacitance, and inductances. 


3. Description of Design Used 


Resistance-capacitance circuits are commonly used 
to obtain phase shifts, and the phase shifts inserted 
by such circuits can, under certain conditions, be 
accurately computed from measured values of re- 
sistance and capacitance. However for such circuits 
phase shift is proportional to change in capacitance 
or resistance only up to a few degrees, and above that 
a fixed change in resistance or capacitance gives a 
different phase shift depending upon the total values 
of resistance and capacitance. Thus, decades of re- 
sistance or capacitance cannot be used to make up a 
calibrated phase shifter for large angles but fortu- 
nately they can be used for fine control up toabout 5° 

To obtain coarse steps of 5° and larger, L—-C 
lumped delay lines (multisection ladder networks) 
were tried and found to be suitable. The main ad- 
vantage of such a delay line is that the phase shift 
added by any individual section is always the same 
no matter how many sections are already in use, 
provided the characteristic or surge impedance of all 
sections is accurately adjusted to the same value and 
the line is terminated with this same impedance. 
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Under these conditions the phase shift of each section 
can be computed from a measured value of induct- 
ance. Also the input impedance is independent of 
the number of sections so that the input can be part 
of an R-C circuit used to get fine control of phase 
angle. 

The final design consisted of twelve 14.6° z-sections 
and three 4.3° z-sections with switching arrange- 
ments so that any desired combination of sections 
could be connected as a delay line. The input to 
this line was used as part of an R-C network which 
incorporated 10 capacitor steps giving 0.44° phase 
shift each and a variable air capacitor for continuous 
fine control. 

Several circuit connections and switching arrange- 
ments for the complete phase shifter were considered 
and tried. The one finally selected is shown sche- 
matically in figure 1. The “input” or voltage to be 
shifted is connected to a 4,000-ohm noninductive 
resistor, shunted by a capacitance-remove type vari- 
able air capacitor (1,100 to 100 pf), in series with 
the input to the delay line. A decade set of mica 
capacitors (0.004 to 0.044 uf) and a zero adjusting 
capacitance are connected in parallel with the delay 
line input. <A set of 13. single-pole, two-position, 
mercury-contact switches are arranged to connect 
any number from 0 to 12 of the 14.6° z-sections into 
this delay line. Also a set of 4 switches is arranged 
to connect any number from 0 to 3 of the 4.3 
r-sections into the delay line. The end of the delay 
line is connected to a resistor of 1,000 ohms shunted 
by a capacitor of 0.0021 uf which was chosen to be 
equal to the characteristic impedance of the line. 
The terminated end of the line is connected to the 
“output” binding posts of the phase shifter through 
the ‘‘test-check’? switch when it is in the “test” 
position. 


4. Theory and Method of Measurements on 
r-Sections 


The circuit diagram in figure 2 shows a generalized 
m-section delay line which can be used as a phase 
shifter. To eliminate reflections so that the shift 
introduced by any one section is constant irrespective 
of other sections in the line, the terminating im- 
pedance, Z), must be made equal to the input im- 
pedance, Zi. Considering one section only and 
solving for Z, when Z)=Z in gives 


Ai 3 : (1) 
1+—7 
4Z, 
Also, 
eo= e. > ae (2) 
Z, ,& 
\+97,+7, 


Equation (2) shows that for each section the output 
voltage lags the input voltage by the angle repre- 
sented by the vector, 1+ (Z,/27Z2)+ (Z,/Zo). 

For a properly terminated line made up of pure 
inductors and capacitors the phase shift per section 








FIGURE 2. Generalized x-section line. 
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FIGURE 1. 





Schematic wiring diagram for 0 to 180 deqree reference standard phase shifter {00 cps. 


230 


could be readily computed from the known values of 
inductance and capacitance. However, there are 
several practical considerations which tend to reduce 
the accuracy of the computed value. For Z,=joL 


and Z,=1/jo(’, the terminating impedance as deter- 
mined from eq (1) must be 
_ L Aa (3) 
we | w LC ( 
4 


Thus Zp is real (made up of resistance only), but its 
value depends to some extent upon frequency. If 
sections with different values of inductance are to 
have the same Z), then C must be determined from 
the above equation and becomes 


a wT? . wtL* , 
C=7; (I++ ez: ) (4) 


Another practical consideration is the resistance 
of the inductors. To get a suitable value of termi- 
nating resistance (say 1,000 ohms) the inductance 
for a 15° section must be 100 mh. An air-core in- 
ductor of this magnitude would either have too much 
resistance if wound on a toroidal shaped core or 
would be too susceptible to nearby magnetic fields 
if made in the form of a circular coil for optimum ! 
time constant. The best practical solution is a 
toroidal winding on a high permeability core. How- 
ever, since both the inductance and effective resist- 
ance of such a high-Q coil would be dependent to 
some extent on the current through it, the current 
must be held to a nearly constant value—chosen to 
be considerably below that giving saturation of the 
core. Measurements of resistance to about 1 per- 
cent and inductance to a much higher accuracy 
must also be made at the same current, and these 
values should be stable. 


4.1. Method Used To Measure Inductors 


An accurate measurement of both the inductance 
aud the resistance of the toroidal high-Q inductors 
was obtained by using a Maxwell-Wien bridge with 
a Wagner ground as shown in figure 3. Here PR, 
and /?, are precision woven wire resistance standards 
(300 ohms each) for which the time constant is less 
than 107° see. CC, consists of a O- to 1.11-uf three- 
decade mica capacitor in parallel with a 50- to 1,100- 
pf variable air capacitor, both of which are completely 
shielded and accurately calibrated. 2, is a four- 
decade resistance box (0 to 100,000 ohms) of low 
time constant woven wire resistors. The bridge 
balance is obtained by adjusting OC, and 2;. When 
both the Wagner arm and the bridge are balanced 
the following relations hold for ZL; and R; (neglect- 
ing the second-order term): 


RR, 


L R, 


————— 
Hl. B. Brooks, Design of standards of inductance and the proposed use of 


models in the design of air-core and iron-core reactors, BS J. Research (1931) 
RP342. 


CR, R, 


and 
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Ficure 3. Maxwell-Wien bridge with Wagner ground used to 
measure inductance and resistance of inductors. 


For the bridge components used, the second order 
corrections are negligible for an accuracy of 0.01 
percent in Lz; and 1 percent in R3. The values used 
for PR, and FR, should include any lead resistance up 
to the bridge corners. 

An oscillator having an output waveform with 
total distortion less than 0.1 percent was used to 
supply this bridge. The frequency was accurately 
set to 400 cps by forming a Lissajous pattern with a 
100-cps standard frequency signal. The voltage 
appled to the inductor was set by using a voltmeter 
connected from ground to the LZ; Ry bridge corner. 
The actual values of Z and r for the inductors used 
in the z-sections are listed in table 1. These are the 
values used in computing phase shift for each section. 


TABLE 1. Measured and computed data for inductors 


Phase shift 
computed 
from meas- 


400 cps measurements using Maxwell-Wien Bridge Phase shift 
from ex- 
perimental 


Inductor no. | Volts across mh ohms ured LZ in | calibration 
inductor degrees in degrees 

Bus 0. 25 100. 290 2.79 14. 600 14. 600 
2 100. 340 2. 82 14. 606 | 14. 609 
3.. 100. 199 2. 78 14. 587 | 14. 589 
4 100. 154 2. 80 14. 581 14. 581 
5 100. 513 2. 80 14. 631 14. 636 
6. 100. 152 2.85 14. 580 14, 581 
re 100. O85 2.79 14. 571 14. 571 
) 99. 899 2. 87 14. 546 14. 542 
9. 100. 154 2. 95 14. 580 14. 582 
10 99. 706 2. 87 14. 518 14. 515 
1] 100. 407 3. 02 14. 616 14. 620 
12 100. 660 3.10 14. 651 14. 658 
= 075 29. 876 1.025 4. 307 4. 368 
2 ‘ 29. 852 1. 020 4. 304 4.304 
a 29. 891 0. 986 4. 309 4.310 
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Because of the procedure used in matching charac- 
teristic impedance for each z-section, as described 
in the following paragraphs, this computation does 
not require that the exact value of capacitance for 
the z-section be known. It does require an exact 
knowledge of the terminating impedance. 


4.2. Procedure Used in Matching the Characteristic 
Impedance of Each z-Section 


By arranging a potentiometer-bridge circuit with 
the z-section termination (() and 2, in parallel) as 
one of the arms and using a sensitive detector to 
obtain a balance, any small variation in this ter- 
minating impedance can readily be detected. If all 
circuit elements are kept the same after getting an 
initial balance, except that one z-section is added 
ahead of the termination, the detector would remain 
in balance if the characteristic impedance of the 
m-section were exactly equal to Cy and Py in parallel. 
If the characteristic impedance is off slightly the 
detector can be rebalanced by a fine adjustment on 
the two capacitor legs of the m-section—thus experi- 
mentally making the impedance of the z-section 
exactly equal to () and Fy in parallel. 

The circuit arrangement actually used in making 
these adjustments is shown schematically in figure 4. 
Most of the circuit elements shown in this diagram 
either represent or correspond directly to those used 
to make up the z-section phase standard (as shown 
in detail in fig. 1). PR, is the 4,000-Qresistor. C; is 
the fine control capacitor, C', represents the capacl- 
tor decade and the zero set capacitor. The single 
m-section is used to represent the entire delay line. 
(’) and f) are the z-section termination. The only 
additional circuit elements required are the ratio 
transformer and detector (the detector transformer 
only being shown). The procedure used was to first 
balance the detector with the z-section disconnected 
(switch A up and B open) by adjusting the ratio 
transformer and capacitor (@,. Then with a z-section 
connected ahead of () and Py, (switch A down and 
B closed) the detector was balanced by adjusting 














2 
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FIGURE 4. 
transformer and detector as connected for adjustme nt of capaci- 
tor trimmers on each r-section. 


diagram of phase standard with ratio 


C’/2 and C’’/2, using fine trimmers in parallel with 
the main ieee oe This last balance is somewhat 
“tricky” to obtain because the two unbalanced 
voltages put in by ©’/2 and (’’/2 respectively are 
not 90° apart in phase but after a little practice 
it can be obtained quite rapidly. By using a highly 
selective tuned amplifier as detector this method 
gives a very sensitive way to adjust the characteristic 
impedance of the a-section to be exactly equal to 
Ry and (y in parallel. 


The derivation of the relations between the 
msection circuit constants and the terminating 
impedance, for which the input and terminating 


impedance are equal, is given in appendix 1. The 
procedure used was to derive an expression for the 
input impedance of the a-section (terminated by 
( and fy in parallel) and equate this to Cy and 
Ry in parallel, giving a complex equation in circuit 
parameters. The two separate equations obtained 
from the complex equation can then be used to 
determine any two of the circuit parameters in 
terms of the others. First, it is assumed that the 
capacitors in the two legs of the z-section are equal, 
i.e.,=€"/2=C"'/2=(')/2. The expressions derived for 
Cand C/2 are given by eqs (9) and (10), respectively, 
in appendix 1. These values of (y and C/2 can now 
be put in the two original equations by letting 
OC’ /2=C/2 (14+0’’) and C’/2=C/2 (14+ 2’). Equa- 
tions (11) and (12) obtained in this manner can be 
solved for actual values of \’ and \’’ which are meas- 
ures of the adjustments required in the capacitance 
legs to maintain the same characteristic impedance 
for slight changes in other z-section parameters. 
To help clarify the above procedure an example 
using actual values for the 14.6° z-section is worked 
out in appendix 1. 

The values of ©’/2, 1.e., C/2 (1+ 2’), obtained in 
this manner, together with the known or assigned 
values of the other circuit parameters can be used 
to compute phase shift as explained in the following 
section. 


4.3. Computation of Phase Shift for a z-Secticn 


The phase shift of a w-section, 1.e., phase difference 
between voltage in and out, does not depend upon 
the input capacitance leg because it is in parallel 
with the input voltage. It does depend on all other 
circuit constants including the terminating imped- 
ance. <A derivation for phase shift is given in 
appendix 2, and eq (19) gives an expression for tan 
das a function of these circuit constants. Actually 
for any a-section whose values of €’’/2 and (’/2 
have been adjusted experimentally described 
above) so that its characteristic impedance is equal 
to the termination (Py and () in parallel) the phase 
shift can be computed from the measured value of 
inductance L only provided some limits are set for 
values of r, 2’, and R’’. This can best be illustrated 
by using a specific example. 

Take first the average 14.6° 
given in appendix 1, Le., L 


(as 


mr-section values as 
100 mh, r=2.8Q, 
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R’=10'2. For Ry=1,000 Q and C’/2=C’’/2=C/2, 
(,=0.002099 x 10~° and C'/2=0.0508191 « 107° (as 
computed in appendix 1). Putting these values in 
eq (19), the phase shift angle @, as shown in appendix 
2 can be expressed as tan §@=0.25968. For the 
maximum changes in 7, PR’ and F’’ encountered in 
the twelve 14.6°  z-sections determined from 
actual measurements, the changes in tan @, as com- 
puted in appendix 2, are given in the following table. 


as 


r R’ Rr” Tan 6 

2. 80 107 107 0). 25968 
3.10 107 107 . 25968 
2. 80 10° 107 . 25967 
2. 80 107 10° . 25969 
2. 80 10° 10° . 25968 


Since tan @ is very nearly the same for all of these 
changes in 7, P’, and F’’, an expression for tan @ in 
terms of L only, which holds for each of the 14.6° 
r-sections can be derived. As shown in appendix 2 
this expression 1s 


tan 0 mae 2596.7¢. 

to 

Using the same procedure, as described for the 
14.6° m-section, an expression for tan @ which holds 
for each of the 4.3° a-sections was also derived. 
This expression 1s 


tan 0= 2520.5. 


ove 
Ry 


5. Theory and Calibration of R-C Network 


By using the special measuring techniques and 
theoretical relations described in the previous sec- 
tion, a computed value of phase shift for each of the 
r-sections can be derived, and such values are listed 
in table 1, 
network, connected ahead of the z-sections as shown 
in figures 1 and 4, may also be computed using 
known values of R and (. Appendix 3 shows how 
this can be done, and actual phase shifts for various 
values of () and (, are given in table 2. 

One requirement for a standard phase shifter is 
that the phase shift introduced by any given change 
in the continuous fine control be independent of the 
setting of other phase shift dials. From the fourth 
column in table 2 it can be seen that the phase shift 
put in by a 500-pf change in the fine control capac- 
itor is the same to within 0.0005° for all settings on 
(, (the 0.46° steps) up to 43,000 pf. Thus, if the 
rsections are all matched so that the impedance 
looking into the line is the same no matter how 
many sections are connected, the phase shift put in 
by a given change in the setting of the fine control 
capacitor will be essentially the same irrespective of 
phase shift put in by the “capacitor decade” and 





The phase shift inserted by the R-C 


TABLE 2. Phase shift for various settings of the capacitors in 


t).e R—C network 


(See figure 8) 








FP, =4,000 ohms; Fo=1,000 ohms 
Phase | Aé for 500 | A@ for 3,900 
Ci ( shift,@ | pfchange | pf change 
in C; in C2 
pf pf deg deg deg 
1, 200 4, 000 +0. 09215 
700 —. 13823 | 0. 23038 | 
200 —. 36862 | . 23039 | 
1, 200 7, 900 —. 35703 | 0. 4491 
700 —. 58742 | . 23039 - 44919 
200 —. 81784 . 23042 | - 44922 
1, 200 11, 800 —. 80609 | - 44906 
700 —1. 03650 . 2304; . 44908 
200 —1. 26693 . 23045 - 44906 
1, 200 15, 700 —1. 254% | . 4488; 
700 —1. 48539 . 23042 . 44889 
200 —1. 71585 . 23046 - 4489. 
1, 200 19, 600 —1. 70359 . 44863 
700 —1. 93406 . 23047 . 44867 
200 —2. 16455 . 23049 . 44875 
1, 200 23, 500 —2. 15193 - 44834 
700 —2. 38244 | . 2305; . 4483s 
200 —2. 6129s . 23054 . 4484; 
1, 200 27, 400 —2. 59992 } - 44799 
700 —2. 83045 . 23057 . 44805 
200 —3. 06105 . 23056 . 44807 
1, 200 31, 300 —3. 04759 . 4475s 
700 —3. 27813 . 23063 - 44764 
200 LG 50876 . 23063 - 4477; 
1, 200 35, 200 | ~3. 49464 | 44714 
T00 —3. 72533 . 23069 . 44726 
200 —3. 95600 | . 2306; - 44724 
1, 200 39, 100 —3. 9412. . 44662 
700 —4. 1720; . 23075 . 4466s 
200 —4, 4027. | . 23075 - 44676 
1, 200 43, 000 —4. 3873 . 44607 
700 —4. 61814 . 2308) - 44612 
200 —4. 84895 . 23084 . 44622 


} | 
| 


the w-section line. As shown in table 2 the average 
value of this phase shift is 0.2305° for a change in 
C’, of 500 pf. (0.0046° for 10 pf or 0.01° corresponds 
to 21.7 pf). 

The last column in table 2 indicates that the phase 
shift put in by a 3,900-pf change in C4, i.e., by one 
step on the decade capacitor dial, depends to a 
slight extent upon the total values for C; and (C,. 
For any given setting of C, the change in this phase 
shift for settings of (, from 1,200 to 200 pf is less 
than 0.00015°. Thus, the effect of the fine control 
capacitor setting on the decade capacitor steps is 
negligible. As (, is increased the phase shift for a 
3,900-pf change in (, decreases somewhat, the 
maximum change being about 0.003°. The cali- 
bration for each step on the capacitor decade can 
take this change into account, but this does indicate 
that another capacitor decade could not be added. 
The phase shift for each step on the decade capacitor 
could be computed if the value of capacitance added 
for each step were known to a high accuracy (to 
about 1 pf for 0.0001°), but it was decided that the 
experimental method as explained in the following 
section would be easier to apply. 
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6. Experimental Calibrations 


An experimental calibration can be devised for 
any phase shifter which fulfills the requirements 
given in section 2. In brief, the procedure is first 
to obtain the phase shift of each step of each dial in 
terms of settings on the other dials (including the 
fine control). These relative values can then be 
converted to absolute values either by using a 
known reference phase shift such as 180° or by assum- 
ing that the calibration of the fine dial is correct. 
In the procedure actually followed the computed 
values for the fine control dial were used to get a 
calibration on each of the decade capacitor steps. 
Using these, a preliminary calibration of first the 
small and then the large z-sections was obtained. 
Then the 180° point was checked using a special 
toroidal core transformer. Details of the method 
used will now be described. 

A potentiometer-bridge circuit arrangement plus 
an auxiliary phase shifter (see fig. 5) were used to 
compare the phase shift settings on the various dials 
of the z-section standard. The auxiliary phase 
shifter, consisting of an R-C circuit supplied through 
a ratio transformer, need not be accurately cali- 
brated, but it must be stable and continuously 
variable from 0° up to at least 15°. A sensitive 
amplifier with shielded input transformer was used 
to indicate when the phase shifts put in by standard 
and auxiliary phase shifters were equal. The ratio 
transformer was used to give a magnitude balance. 

The phase shift put in by the fine control capac- 
itor as computed in section 5 was assumed to be 
exactly correct, and then each step on the capacitor 
decade switch was measured in terms of the fine 
control capacitor, as follows. All z-sections were 
disconnected. With the fine control capacitor set on 
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Figure 5. Setup used in experimental calibration. 
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0, 1.e., Maximum capacitance and the capacitor 
decade switch on step one, the auxiliary phase shifter 
was adjusted (together with the ratio transformer) 
until the detector showed a balance. Then, with the 
auxiliary phase shifter setting held constant and the 
decade capacitor switch set back to zero the detector 
was balanced by adjusting the fine control capacitor 
and ratio transformer. Since the auxiliary phase 
shifter remains unchanged for these two balances 
the phase shift put in by the first step on the decade 
capacitor must equal that read on the fine control 
dial after the second balance. The change in phase 
shift when the decade capacitor switch is changed 
from 2 to 3, 3 to 4, ete., can be measured in the same 
manner. The actual values as measured are given in 
table 3. 


TaBieE 3. Phase shift for each step of capacitor decade switch 
as determined by comparison with fine control dial 


Phase shift 


Decade capacitor step Phase shift = corrected = 
ofeach step for 180° | 
check | 
deg 

l 0. 4468 0. 4470 ae 
2 . 4429 0. 8897 4431 0. 8901 
3 . 4454 1. 3351 4456 1. 3357 
4 . 4340 1. 7691 . 4342 1, 7699 
5 . 4436 2. 2127 4438 2. 2137 
6 . 4440 2. 6567 4442 2. 6579 
7 . 4844 3. 0911 . 4346 3. 0925 
8 . 4447 3. 5358 . 4449 3. 5374 
9 . 4406 3. 9764 . 4408 3. 9782 
10 4428 . 4430 4.4212 


4.4192 


To measure the phase shift of each small z-section, 
the switching arrangement was modified slightly from 
that shown in figure 1, so that any one of the three 
sections could be connected or disconnected indi- 
vidually. Then by using the method just described 
for the capacitor decade steps, the phase shift of each 
small z-section was measured in terms of the decade 
capacitor switch and the fine control dial. Another 
modification of the switching arrangement made it 
possible to connect any individual large z-section in 
by itself, and the phase shift of each of these sections 
was measured in terms of the three small sections plus 
the setting on the capacitor decade and the fine 
control dial. Before measuring each z-section its 
impedance was checked and adjusted to be equal to 
Ry and Cy in parallel by the method described in 
section 4.2. 

The experimental calibration values obtained by 
the method just described and those computed for 
the fine control dial (given in table 2) were actually 
carried out to 0.0001°. The estimated error for each 
step of the capacitor decade is 0.0005°. If this error 
is not completely random it would be accumulative 
and might add up to an appreciable value for the 
large a-sections. Consequently the values assigned 
to the 14.6° z-sections based entirely on the com- 
puted phase shift for the fine control capacitor were 
found to differ from computed values based on 
measured values of inductance of each section by as 
much as 0.02°. Variations in these differences upon 
repeated calibrations were usually found to be less 
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than 0.005°. In order to correct for these fairly large 
errors in the 14.6° 2-sections introduced by very small 
errors in the calibration of the capacitor decade, an 
independent check of the 180° point was required. 
This was done by connecting the primary of a 
uniformly wound toroidal transformer in parallel 
with the input to the standard phase shifter. The 
secondary of the toroidal transformer was used to 
get an exact 180° phase shift by (1) reversing polarity 
or (2) using its two coils as a center tap winding 
with the center grounded. The phase shifter zero 
was set with the secondary polarity giving zero 
phase shift, and then with the opposite polarity 
the 180° point was measured on the phase shifter. 
The magnitude was balanced by connecting a ratio 
transformer either at the primary or at the secondary 
of the toroidal transformer. The 180° point was 
measured using five different arrangements for the 
windings of the toroidal transformer and with the 
two locations of ratio transformer for each of the 
five arrangements. Since the results obtained on 
all measurements were the same to within 0.01° it 
was concluded that the phase shift being measured 
was exactly 180°. Using the preliminary experi- 
mental calibration, based on computed values of 
phase shift for the fine control capacitor, the mea- 
sured value came out to be 179.92°. Thus a correc- 
tion factor of 180/179.92 or (1+0.000417) was applied 
to the preliminary calibration values to get the 
correct values as listed in table 1 for the 14.6 and 
4.3 degree r-sections and in columns 4 and 5 of table 
3 for the capacitor decade steps. As indicated in 
table 1 these measured values agree quite well with 


the values computed from measured values of induct- | 


ance for each zm-section. Although the change in 
the capacitor decade calibration introduced by the 
180° check is quite small, as seen from table 3, it 
should be included for accurate measurements. 


7. Requirements for Use of Phase Standards 


The master phase angle z-section standard 
described in this paper is a continuously variable 
phase shifter whose absolute calibration has been 
accurately determined. It is primarily intended to 
be used to establish corrections for other continu- 
ously variable phase shifters and phasemeters used 
as standards. Herein, a phasemeter is defined as 
an instrument capable of measuring the phase shift 
between two alternating voltages of the same fre- 
quency. Throughout this kind of calibration testing 
the two factors most likely to affect accuracy are 
(1) the impedance of the instrument under test and 
(2) waveform distortion in supply voltage. These 
two points are of sufficient importance to be con- 
sidered separately 


7.1 Compensation for Impedance of Instrument 


Under Test 


rt’ . . . 
The connections used for calibrating a phasemeter 
are shown in the block diagram in figure 6. The 
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FIGURE 6. Setup used for calibrating a phasemeter. 


“input” to the z-section phase standard is supplied 
by a 2-w low distortion oscillator with a regulated 
output of 5 v. This value of voltage was chosen 
because it puts 0.25 v across each 14.6° z-section, 
at which value the change of inductance with voltage 
is minimum for the iron core inductors. It was 
found that a 5-percent change in voltage at this level 
was required to produce a detectable change in 
inductance. Actually the voltage is maintained 
constant to within 2 percent. The reference or 
unshifted voltage input terminals of the meter under 
test are connected in parallel with the standard 
“input.’”’? At this point the value of impedance of 
the instrument under test is not critical because it 
merely acts as an additional load on the oscillator, 
and its only possible effect would be a slight change 
in waveform of the supply voltage. This effect 
would be entirely negligible for most instruments 
used as reference standards. If a value of voltage 
other than that required for the z-section standard 
(5 v) is required by the meter under test, a trans- 
former would normally be used. In such a case the 
phase shift introduced by the transformer must be 
known so that a correction for it can be applied. 

If the impedance looking into the phasemeter 
through the shifted voltage binding posts were in- 
finitely high, the output of the z-section standard 
could be connected directly to these “shifted volt- 
age’? binding posts without affecting the terminat- 
ing impedance of the z-section line. Under this 
condition the “auxiliary termination” would not be 
needed. However, since the performance of the z- 
section line is sensitive to small changes in its ter- 
mination, Zp, some compensation will normally be 
required for the impedance at the “shifted voltage” 
binding posts. This compensation is provided for 
by two insulated binding posts at the output end of 
the z-section phase standard, (see figs. 6 and 1), one 
being connected to the output end of the z-section 
line and the other to Ry and Cy (in parallel) which 
form the normal line termination. When these two 
binding posts are connected by a copper link the z- 
section line is terminated inside the z-section stand- 
ard case and the normal output terminals can be 
used. By removing the link the internal line ter- 
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mination is disconnected and the “auxiliary termi- 
nation’? may be connected as shown in figure 6. 
This auxiliary termination consists of a stable ad- 
justable R-C network which is connected in parallel 
with the leads from the z-section standard and 
arranged so that with the “‘shifted volts” leads also 
connected in parallel, the total impedance thus 
formed can be adjusted to be equal to Z) (the z- 
section impedance). 

In order to make this adjustment a ratio trans- 
former and a sensitive detector with a shielded input 
transformer are connected as shown in figure 6. 
First the leads from the z-section standard to the 
auxiliary termination are disconnected, the link re- 
placed on the z-section standard and the switch put 
in “check” position (see fig. 1). Under these condi- 
tions the z-section line termination is the same as it 
was when the capacitor legs were adjusted, 1.e., it 
consists of Cy, Ryo, and the compensating capacitor 
C, in parallel. With the detector transformer lead 
in position “1” and all z-section standard dials set 
on “zero,” the detector is balanced by adjusting the 
ratio transformer and the “zero set capacitor.” 
Next the line termination (Cy, Ro, C, is replaced by 
the “auxiliary termination.”” This is done by re- 
moving the link from the z-section standard binding 
posts, putting the switch in the ‘‘test”’ position, and 
connecting the auxiliary termination to the z-section 
standard and the phasemeter under test as shown in 
figure 6. The detector is then balanced by adjusting 
the impedance of the auxiliary termination. To 
correct for any phase shift introduced by the ‘‘auxil- 
iary termination” and its leads, the detector lead 
position is changed from “1” to “2”? and the zero set 
capacitor is adjusted to balance the detector. Any 
correction for the phase shift in the ratio transformer 
can be made during this balance by actually setting 
this phase shift on the z-section standard fine control 
dial before making the final balance. The phase- 
meter under test can now be calibrated for any phase 
shift angle by first disconnecting all leads from the 
phase shifters to the detector transformer, then set- 
ting the required angle on the z-section phase stand- 
ard and reading the corresponding value on the 
phasemeter. 

If a voltage higher than the 1 v available from the 
r-section standard output must be applied to the 
phasemeter under test, an amplifier can be used 
between the auxiliary termination and the ‘shifted 
volts” binding posts. The only requirements are 
(1) the amplifier must have low distortion and (2) 
the three balances as described in the previous para- 
graph must be made with the amplifier and its leads 
in position and the amplifier gain set to the same 
voltage as to be used during the calibration. The 
phase shift introduced by the amplifier may be fairly 
large, thus requiring considerable change in the zero 
set capacitor during the final detector balance before 
starting actual calibration. 

For calibrating another continously variable phase 
shifter the procedure would be essentially the same 
as that just described for a phasemeter except that 
an external detector must be used to indicate when 





the phase shift put in by the phase shifter being 
tested is equal to that of the standard. For a given 
setting of the phase shifter being tested the detector 
would be balanced by adjusting the phase shift put 
in by the z-section standard and the magnitude of 
the output voltage from the phase shifter being 
tested by using a ratio transformer, 


7.2. Effect of Waveform Distortion 


At the very beginning of this paper phase angle 
was defined to be the quantity used as a measure of 
the time phase relation between two voltages having 
pure sine waveform. So far the effects of distortion 
have not been mentioned. However, since it is 
impossible to obtain pure sine waves in practice, 
such effects must be considered. For a distorted 
waveform, phase angle is herein defined as the time 
phase relation between the fundamental sine-wave 
components of the two voltages. Thus, there is no 
change in definition but a definite basis is established 
for a discussion of the effects of unwanted harmonics. 
If all the circuit elements were linear (i.e., no iron 
cores or lossy dielectrics were used) and if measuring 
and detecting instruments were only sensitive to the 
fundamental, then the use of a distorted waveform 
for making the measurements would make no differ- 
ence. Unfortunately, these postulations cannot be 
met in practice even though very selective amplifier 
detectors are available. 

Since the z-section standard as described in this 
paper is made up of iron core inductors the voltage 
drop across each inductor is always kept low enough 
so that flux density in the core is well below satura- 
tion. Yet it is possible that distortion could be 
introduced by the inductors even though the supply 
voltage has a pure sine wave form. To investigate 
this possibility, first an oscillator of very low distor- 
tion was used to supply the phase shifter ‘input,’ 
and distortion was measured at the “output” posts 
for various phase angle settings, i.e., for different 
numbers of a-sections in the ‘“‘line.”” The waveforfn 
with phase shifter set on “0” iLe., no iron core 
inductors connected contained 0.02 percent 24d 
harmonic, 0.01 percent 3d harmonic, and 0.01 percent 
of higher harmonics. As inductors were connected 
all harmonics remained at about the same value 
except the 3d which gradually increased to about 
0.04 percent with all twelve 14.6° z-sections in 
circuit. Thus for a nearly pure sine-wave input the 
inductors in the z-sections slightly increase the 3d 
harmonic distortion. 

Similar tests were made using an oscillator with 
somewhat greater distortion, 1.e., about 0.03 percent 
2d, 0.5 percent 3d, and 0.16 percent 4th. For this 
input voltage the effect of adding z-section inductors 
on the distortion was too small to be significant (less 
than about 0.02 percent). In order to check for 
possible effects of this distortion on measurements 
involving only the fundamental component, the 180° 
point was checked as described in section 6 using each 
of the oscillators whose distortions have just been 
given. The results using the oscillator with 0.5 
percent 3d harmonic agreed with those using the 
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vearly pure sine wave oscillator to within about 
0.005° . Thus it was concluded that for accuracies 
within 0.01° the total wave form distortion should 
be less than 0.5 percent. It should be borne in 
mind that in making these tests a highly selective, 
feed-back tuned, amplifier was used in the detector 
circuit. 

Waveform may also have an effect on or may be 
affected by the phase shifter or phasemeter being 
calibrated. For testing another phase shifter of the 
same design as the r-section standard the restrictions 
on distortion should be the same as those given above. 
For other types of phase shifters or phasemeters the 
effects of wave-form distortion should be determined 
by repeat tests using two oscillators of significantly 
different waveform. From a limited number of such 
tests it is believed that in general for all oscillators 
with less than 0.5 percent total distortion the phase- 
angle test results would be the same to within 
about 0.01° 


8. Summary and Conclusions 


A continuously variable, 0° to 180° phase shifter 
for 400 cps has been described in detail. By using 
a special procedure for matching the characteristic 
impedance of the L—C w-sections used in this phase 
shifter, a method for experimentally measuring the 
phase shift of each section has been devised. This 
phase shift has also been computed from measured 
values of inductance for each z-section. The results 
obtained by these two methods agree to within 0.01°. 
These results indicate that this phase shifter can be 
used as a master standard in calibrating other phase 
shift devices. 

Similar phase angle standards for higher audio- 
frequencies could be designed, but on the basis of 
the experience gained it is thought that the upper 
limit in frequency would be about 20 ke. 
frequencies, stray capacitance introduced by con- 
necting and switching leads might prove troublesome. 
It might be feasible to use the same master standard 
over a frequency range of about 2 to 1 by some 
readjustments on the z-sections and termination for 
each frequency. 


Appendix 1. Computation of Characteris- 
tic Impedance of z-Section—Losses Con- 
sidered 


A single terminated z-section with losses in both 
inductor and capacitor considered, is shown schemat- 
ically in figure 7. To keep the derivation general, the 
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FIGURE 7. A terminated x-section with losses considered. 
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At higher | 


| equate the above value of Yi, to 
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two capacitor legs are not assumed to be equal. 
?’’ represents the total losses in C’’/2 expressed as 
a parallel resistance and likewise PR’ for C’/2. The 
total losses in the inductor are represented by 7, as 
a series resistance. Five circuit equations may be 
written by inspection of figure 7: 


V," 


ib—isR” —0, 


4;4— Vo 
—v,a-+ 


—i,R” +-24.d—1,R’ =0, 


—ish’ +1,f—139=0, 

—t4g +-%5(Zo + g)=0, 
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Using these equations and putting 1/Z>=(1/Ro)+ 


joCo, the following expression for input admittance 


Yi, 1s obtained: 
qr 


, | 4 joke ¢ ot: 2 2) lL ats oR | 
=F 
is [4 + joke ( o+- 3 S)| (r+ jwL) 


, gol 
+R tp) it Rn TR m7 | 
‘ qo 
+Rq 14 ait R’ 


, 
} in 


To obtain a relation which requires the characteristic 
impedance of the z-section to be Ro/(1+jwCyRo) 
(1 /Ro) )+jwC. 
This gives a complex equation from which two 

equations involving circuit parameters only can be 
formed. By equating the real parts of the complex 
equation the following is obtained: 
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By equating the imaginary parts of the complex 
e | > to) e 
equation the following is obtained: 
; qy’ qr 
wr (20 ot aT <i ) 
, Ys sr / yrs 
, wl ey ryt ( C''¢ 
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For (C’/2=C’’/2=C/2 these two equations can be 
used to solve for C/2 and (, when L, Ry,7 R’, R’’ are 
known. Equation (6) is used to solve for (. | 


Putting C/2=(L/2R?) (1+-6) where 6: 


becomes: 
" a cay ae 
w*RorC2 +2wLC, Ts (146)? am 0. (8) 
Solving it for ©) gives 
™ 
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An estimated value is used first for 6. The exact 


value is determined later from eq (10) and a recom- 


putation made if necessary. Using this value for 


(and C’/2 =C’’/2=C/2, eq (7) becomes 
A 2 eH 2a _@ /i 
21(S) 25+ h[ ti (4s2) 
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Solving for ('/2 gives 
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Now going back to eq (6) and putting C’/2=(/2 





Likewise eq (7) gives 
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“& + 2 TOR °C (12) 
Equations (11) and (12) can be used to compute 


| actual changesin C’/2 : he C’’ /2 that are made experi- 
| mentally when adjusting the characteristic imped- 
| ance of a given z-section to exactly match the ter- 
minating impedance (/%) and () in parallel). First 
| the values for C/2 and Cy are computed using eqs (10) 
| values for L, 7, R’ and 
| Rk’. A value for Ry must also be chosen. Then if 
| these values of 2, and Cy are kept the same the effect 
of small changes in r, FR’, and/or F’’ on values of 


| and (9) by assuming average 


yr 


| O’"/2 and ©’/2 can be computed using eqs (11) and 
| (12). The actual value of C’/2 can then be used to 


| accurately compute the phase shift for each indi- 
| vidual z-section as indicated in appendix 2. 
| The above procedure may be best illustrated by 
taking actual values for the 14.6° -section: 


I.=100 mh, r=2.80 Be =i =) < 100, 
R,=1,000 Q, w=2513.27, w= 6.31653 10°, 
Putting these values in eqs (9) and (10) gives 

| C,=0.002099 x 10°, 
| C/2=0.050819, * 10~°. 


When these values are put in eqs (11) and (12 
| give \’=)’’=0 for the values of 7, R’, and R’’ 
above. For small changes in 7, PR’, and PR” 
equations give the corresponding values for 
\’’ required to keep the characteristic 
the same. 
First keep all 
| change r to 3.1 
| gives 


) they 
given 
these 
’ and 
impedance 


values the same as above except 
ohms. Putting values in eq (11) 


(0.99849 \’— 1.00164 d’’ =0.00952. (13) 
| Putting values in eq (12) gives 
| 0.96613 \’+-0.96967 X’’=0.000065. (14) 
| Solving eqs (13) and (14) for \’ and X”’ gives 
\’ =0.00480 and ’’ = — 0.00472. 


Next keep all values the same as assumed above 
| except put ?’=108. Then eq (11) becomes: 


(1+)’) and C’’/2=C/2 (1=)N’’), where C/2 is the | 
value from eq (10), it follows that 
sv CoRo , rn rRoC , 47 *‘\ 77 
ee he (ON le ’’) 
a 21 
rhoC rR oe r2 m2 (14 
[3s tc © ‘#lixt’ sic : 


0.99864 \’—1.00148 \’’=0.00275. (15) 
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Equation (12) becomes 


0.96643 X’+-0.96937 \’’= —0.000137 = (16) 


Solvings eqs (15) and (16) for \’ and }’’ 


gives: 


\’=0.00131 and \’’= — 0.00144 

If the same computation is made for R’’ changed 
to 10° the values of \’ and ’’ will be very nearly the 
same because m is the same and the effect of the 
change in n is quite small. 


Now keep all values as originally assumed except 


R’=R’’=10°. Then eq (11) becomes 

(0.99864 \’— 1.00148 \’’=0.00544. (17) 
Equation (12) becomes 

0.96643 d’ +0.96937 \’’=0.000040. (18) 


Solving (17) and (18) for \’ and X’’ gives 


\’ =0.00274 and d’’ = — 0.00270. 

These values of \’ and )’’ were worked out so that 
they could be used to compute phase shift under 
these particular assumed conditions, as will be done 


in appendix 2. 


Appendix 2. Computation of Phase Shift of 
a z-Section From Value of Inductance 


For computing phase shift the first capacitor leg 
of the z-section need not be considered bec ause it 
is in parallel with the supply voltage or “Vin.” 
Thus the circuit diagram is as shown in figure 8. 

The purpose of this derivation is to obtain an 
expression for the phase shift between V,, and Vou 
when the complete z-section (see fig. 7) has been 
adjusted experimentally so that its impedance as 
seen from the input end is equal to Zp. 

Three circuit be written 


equations may by in- 
spection of figure 8: 
i, (R’+r+joL)—7i,R’ = Vin, 
ee ee we Am 
-1,R’ +2. R’+ vy \ 43 w= Vs 
: ay | 
IM95 IMS 
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~ ta + ts crt Zo ), 
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For Z,=Ry/14+-joCoo, these equations give the 


relation 
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| actual measurements may be used, 


| kR’= 








FicuRE 8. A lerminated x-section without first capacitor leg. 


where 


r hid 
A = wh, (« ot 2 | 


The phase shift, 6, is then the angle of the vector 
in the denominator, thus, 


YN 


wh /Ro+wl/R’ +ro( O+5 
(” ; 
L(Cy+ 9 


This equation can be used to compute tan 6 for 


tan 6 (19) 


l rr] R,4 r/R’ —w 


various values of L, r, C’/2, R’, Cy, and Ry. First 
using average values (L=100 mh, r=2.89, R’=R’’= 


preg and f,—1,000Q) from eqs. (9) and (10), C/2= 
(€’/2=0.0508191 ywf and C)=0.002099 uf. These 
valuee give 

tan 6==0.25968. 


For the next set of values assumed in appendix 1, 
i.e., L=100 mh, R’=R’’=10'2, r=3.1 Q, Ro=1,000 
Q, C,=0.002099 uf, C’/2=0.051063 uf (from 2’ 

-0.00480). 


tan 6=0.25968. 
For L=100 mh, r=2.8 0, R=1,000 2, G 
0.002099 uf, R’—1072, R’=10°R, C’/2=0.05089 


uf (from \’=0.00131), 


tan @6=0.25967. 
For the same 


and R’= 


: values as above, except R’’=10°Q 
10’2, C’/2 still equals 0.05089 uf and 
tan 6=0.25969. 


Now for all values the same, except R’ = 
giving ©’/2=0.05095 wf (from 


?”” = 1080, 
\’=0.00274) and 


| Oo+C’/2=0.05305 uf 


tan 6=0.25968. 


The changes in 7, R’+R” as assumed above are 
the maximum to be encountered among the twelve 


14.6° sections, as found from actual measurements. 
Since tan @ is very nearly the same for all of these 


assumed values, the average values based on the 


Le., r=2.8 ohm, 


:R"= R,=1,000 ohms these 


10° ohm. For 
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values give C/2=0.0508191 yf and C,=0.002099 uf. 
When these values are put in eq (19) it reduces to 
a constant times Z and for f=400 cps this gives 
tan 6=2.59678 L. 
Thus for the actual inductors used, if the termi- 
nating impedance is held constant (J?) 


1.000 ohms | 





and ©,=0.002099 yf) and if the trimmers on each | 


capacitance leg are adjusted so that the impedance 
looking into the line equals the terminating imped- 
ance (by the method explained in section 4.2), the 


phase shift introduced by each section is equal to | 


a constant times its inductance. 


Appendix 3. Computation of Phase Shift of 
the R-C Network 


Figure 9 is a simplified circuit diagram of the R-C 
network. /; is a precision resistor accurately ad- 
justed to 4,000 ohms. C{ is a precision aur capacitor 


to 50 pf. The change in C, can be read from the dial 
setting to within 1 pf so that it can be used as a 
fine control of phase shift. ) is the resistance 
component 
ohms). (C, includes the capacitance component C) 
of the z-line together with the decade capacitor 
(ten steps of 0.44° each), the zero setting capacitor 
and any lead capacitance. The purpose of the follow- 
ing derivation is to get an expression for phase shift 
between voltages - and e in terms of the circuit 
constants. 
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FicureE 9. Schematic diagram of the RC circuit in the phase 


standard. 


The following circuit equation may be written by 
inspection of figure 9: 


i ( R, T R.)— dR, — toi. E, 


es 


-UR; T in ( Ri+- 


7) 0, 
i Rotis (Rota) -) 0), 


These equations vield the following relation: 
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By clearing the 7 term from denominator the fol- 
lowing expression for tan @ is obtained where @ is the 


| angle by which e leads F: 
with a capacitance remove dial variable from 1,050 | 


of the z-line input impedance (1,000 | 


| 0.0039 uf. 


oh C R, _—o R, ) 
tan @ : R, +- Ry : R, u Ro) (21) 
. wh? R, ' nn A ; 
ITRR, NOt@) 
“hase 0 
For 
P,=4,000 ohms, hy 


| 2513.27 
1,000 ohms, and 
ls? 6.31654 108, 


the expression becomes 


2.01062 10°(40;, —¢ 


tan seta PAS lh ced Ba 
nT +-20.213 X1020,(C, 


) 
+ C') 


Using this expression, phase shifts, 6, were computed 
for three values of C, (200, 600, and 1,200 pf) and for 
values of C, from 0.004 uf to 0.043 uf in steps of 
The results which were carried out to 
().0001° in order to show small changes are presented 
in table 2. 


(Paper 64C3-41) 
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Disturbances Due to the Motion of a Cylinder in a 
Two-Layer Liquid System’ 
Lloyd H. Carpenter and Garbis H. Keulegan 


(April 7, 1960) 


The disturbance created at the interface of a two-layer liquid system by the horizontal 
motion of a cylinder in the upper layer is studied for various sizes and shapes of cylinders, 
depths of the liquids, cylinder velocities, and density ratios. The disturbances fall into 
three categories. First, when the layers are of equal thickness, in most cases a train of 
progressive oscillatory waves is produced at the interface. Second, when the depth of the 
denser layer is much less than the depth of the fresh-water layer, the profile of the interface 
usually resembles that corresponding to positive internal solitary waves. Third, when the 
depth of the denser layer is much greater than the depth of the fresh-water layer, in most 


cases an internal hydraulic jump is produced. 


The characteristics of the disturbances 


in each category are related to the size of the cylinder, the depths of the liquids, the cylinder 


velocity, the density ratio, and the total distance of travel of the cylinder. 


A theoretical 


analysis is given for disturbances of the first category. 


1. Introduction 


Almost a century ago Stokes gave the theory of 
internal waves of infinitesimal height in a two-layer 
system, the lighter liquid resting on the heavier one 
(1],? and about a quarter century later the problems 
of multilayer systems were considered by Webb 
[2], Grenhill [3], and Burnside [4]. Following these, 
the wave motions of hetrogeneous liquids with 
continuously varying density gradients in the vertical 
were taken up by Love [5], Rayleigh [6], and Lamb 
[7]. These studies relate to an endless succession of 
waves, standing or progressive, without reference to 
the generation of the disturbance such as would result 
from the motion of objects through a stratified 
medium or from the uniform flow of fluids over a 
ridge fixed on the bottom. 

The first studies of the latter category go back 
to Ekman, who considered disturbances of the inter- 
face of a two-layer system initiated when a body is 
towed over the surface [8]. The occasion of the 
study was the classical account by Nansen of dead 
water experienced by the Fram during the North 
Polor Expedition near the coast of Siberia. Ekman 
approached the problen with much encouragement 
from Bjerknes both from an experimental and 
theoretical point of view. In addition to consti- 
tuting the first serious attempt at model procedures 
in stratified fluids, the investigation is significant 
in two respects. First, working with a model of 
the Fram, Ekman showed that the internal waves 
brought into play an added resistance having a 
magnitude dependent on the ratio of draft to fresh 
water depth, the ratio of layer depths, and the pro- 
portionate density differences. The maximum 
values of the added resistances were obtained when 
the ratio of the velocity of the model to the velocity 
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of long internal waves of the bilayer system attained 
the value 0.73, and the added resistance gradually 
decreased for larger velocities of the model. Second, 
the question of the added resistance was considered 
using a method of approach originally adopted by 
Kelvin in a similar problem applied to a homogeneous 
fluid. In the evaluation the complete representation 
of the rufflement of the interface was avoided, and 
attention was focused only on the parts contributing 
to the resistance. In this theory the incidence of 
the maximum is correctly predicted. 

The converse problem, that is the problem of a 
two-layer system moving over a ridge, was considered 
by Zeilon [9]. The investigation had its inspiration 
in the views of Pettersson to the effect that the 
internal boundary waves resulting from the interac- 
tion of the Atlantic tides on the irregular bottom con- 
figurations had a dominating influence upon the 
circulation of the Baltic. The problem investigated, 
thus, was the perturbed state of the interface owing 
to a ridge at the bottom of a two-layer system in 
simple harmonic horizontal motion. Experiments 
were carried out which were intended to verify in 
a qualitative sense the results of the lengthy mathe- 
matical analysis. 

Among the recent studies the contributions of 
Robert Long have much to offer. A novel aspect is 
the first integration of the hydrodynamic equation 
for the two-dimensional case of nonviscous flow con- 
fined to the space between two rigid horizontal 
boundaries, the initial velocities (always horizontal) 
and the densities of the undisturbed regions being 
prescribed. Rigorous solutions were obtained for 
the cases where the liquid flows initially with uni- 
form velocity and with linearly varying densities 
over a flat rectangular ridge [10]. The analysis 
was repeated for a smooth object, and experiments 
were made which showed a wave motion giving 
qualitative confirmation of the theoretical results 
[11]. The interpretations of the theory and ex- 
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periments have numerous aspects, but it should suf- 
fice to state here that in general the criterion of the 
densimetric Froude number (to be defined later) 
equaling 1/x divides the types of internal flow. Of 
particular interest is the examination, experimental 
and theoretical, of the flow of two superimposed 
layers over a ridge. Internal waves were generated 
when the ridge was of small projection, whereas 
with the much enlarged and elevated ridges the most 
significant event was the formation of leeward hy- 
draulic jumps [12]. 

The question of critical flows and the manifes- 
tation of hydraulic jumps in a bilayer or a multi- 
layer system is an important one. The significance 
of the occurrence to meteorology was first empha- 
sized by Tepper [13]. The matter has been ap- 
proached from various points of view by Rossby [14], 
Craya [15], Benton [16], Yih [17], and others. 

The matter of finite amplitude waves for a two- 
layer system has been considered by Keulegan and 
Long [18, 19]. Theory predicts the existence of 
positive internal solitary waves for the condition 
that the upper layer has the greater depth. The ex- 
periments by Keulegan tend to confirm the results 
of theory relating to shape and dependence of ve- 
locity of propagation on wave height [20]. 

In common with the disturbances produced in a 
nonhomogeneous system by liquid moving over 
ridges on the bottom or of objects being towed on the 
surface, other related phenomena would be associated 
with bodies moving through the interior of the 
medium. The simplest situation arises with the 
two-dimensional flow of a two-layer system, and this 
is the subject of the present study. We are here 
concerned with disturbances of the interface pro- 
duced by a cylinder moving with constant hori 
zontal velocity in the upper layer as illustrated in 
figure 1. The liquids are initially at rest, and the 
density difference is small. Experiments are made 
with various depths of the layers, sizes and shapes of 
cylinders, and cylinder velocities. Further experi 
ments with continuous density gradients will be 
described in a later report. 


2. Apparatus and Procedures 


The experimental channel is 26.25 m long, 23.3 cm 


=) ~ 


wide, 57 cm deep, and is made up of 21 glass-paneled 


sections, each 125 em long. The salt water was 
mixed and dyed with acid chrome blue and then ad- 
mitted to the channel to a depth of 2 or 3 cm above 
the desired level of the interface. The salt water 
was circulated in the channel by a circulating pump 
to assure uniform density of the salt layer. After 
the mixing was complete and the circulation had 
subsided, fresh water for the upper layer was intro- 
duced at the center of the channel through the de- 
vice shown in figure 2. The device was lowered 
until the lips touched the water surface. The fresh 
water was introduced very slowly at first so as to 
produce as little mixing as possible. A siphon was 
placed at each end of the channel to remove the 
mixed liquid at the interface. The process was con- 
tinued until the interface had been reduced to the 
desired depth, h, and the total depth had increased 
to the desired value, h+h’ (see fig. 5). 

After the channel was filled and all internal mo. 
tion of the liquid subsided, the density distribution 
was determined by traversing vertically with a salin- 
ity electrode. Various shunts were used in the cir- 
cuit for greater accuracy in determining salinities 
within various ranges. The electrode was cali- 
brated with each shunt so the milliampere current 
readings could be used to determine the density of 
salt solutions. An example of the vertical distri- 
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7 
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FIGURE 2. Longitudinal section of device for introducing fresh 


water on top of saline water. 





FiGureE 1. 


Disturbance at the interface between two liquids produced by a cylinder moving with constant velocity in the upper layer. 


The symbol W indicates the water surface. 
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bution of density is given in figure 3. The thick- 
ness of the layer of mixed liquid was 1 to 1.5 em in 
all cases which was small compared to the depths of 
the fresh and salt layers. 

Cylinders of three different diameters, 2.54, 5.08, 
and 10.16 em, and three different shapes, circular, 
lenticular, and tear drop, were used. The lenticular 
and tear drop shapes are shown in figure 4. In 
all cases the center of the cylinder was placed 30.0 
em from the bottom. 

The cylinders were towed by an electric motor 
through a variable speed transmission, a system of 
pulleys, and two 0.81-mm phosphor bronze towing 
wires. Four 1.22-mm piano wires under tension 
were used as guide wires to prevent vertical oscilla- 
tions of the cylinder. Through the variable speed 
transmission any velocity from 0 to over 1 m/sec 
could be selected. The cylinder velocity was de- 
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FIGURE 3. Example of vertical distribution of density. 
y is the vertical coordinate with origin at the interface. Ap», is the difference 


between the densities at the bottom and at the free surface. 
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FicurE 4. Cross sections of lenticular and tear drop cylinders. 





termined by timing the travel over a distance of 
5 m, the first reference mark being 2 m from the 
starting position. 

The profile of the interface during the run was 
recorded with three fixed cameras which could be 
triggered simultaneously or individually. For the 
majority of the runs, the pictures were taken after 
the cylinder had traveled about 8 m. 


3. Scope of the Experiments 


In an experimental study relating to the effects 
of a cylinder when moving in one of the layers of a 
two-layer system, the items to consider first are the 
state of rufflement of the interface, the deformation 
of the free surface, and the particle velocities in 
the parts far removed from the cylinder. The 
examination and the measurement of the last two 
quantities may be omitted in a first study, as these 
may be inferred from the interface deformation on 
the basis that the flows are irrotational and the 
liquids incompressible. A second item would be 
the additional resistance due to the effect of the 
internal waves. The observation of this quantity 
may be omitted, likewise, as it is amenable to a 
close evaluation from a description of the interface, 
using for example, the method of Ekman [8]. 

Accordingly, in the present study only the interface 
deformation is considered (see fig. 5). The two 
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Figure 5. Notation diagram for interfacial disturbance pro- 
duced by a cylinder moving with constant horizontal velocity 
in the upper layer. 


fundamental quantities to be established were the 
wave height and wave length in relation to the 
cylinder speed, cylinder position, the thickness of 
layers, and the proportionate density difference. It 
was very surprising to find that the tests in their 
entirety failed to show a unique type of disturbance. 
In effect, three modes of deformation could be 
distinguished. If the layers were nearly of the 
same thickness, then the interface in most cases 
yielded a picture of numerous progressive oscillatory 
waves. If the lower layer was of a smaller thickness 
than that of the upper, the cylinder was usually 
followed by an internal solitary wave. On _ the 
other hand, if the upper layer was much thinner 
than the lower, the interface ordinarily deformed 
into a hydraulic jump. 


4. Internal Oscillatory Progressive Waves 


For those runs of the study for which the salt 
water and fresh water layers were of equal depth, 
h’=h, progressive waves were produced at the 
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interface as illustrated in figure 1. The wavelength, | 
A, and the semiwave height, a, of the internal waves 
depend on the following variables: 


U, velocity of cylinder; | 

r, radius of cylinder; | 

h, depth of saline layer; 

h’, depth of fresh layer; 

p, density of saline layer; 

p’, density of fresh layer; 

g, acceleration of gravity; 

s, vertical distance of center of cylinder above the 
undisburbed level of the interface; 

8, shape parameter of cylinder; 

L, distance traveled by cylinder at time of 


observation. 


Viscous effects are not considered. 
used, p’ 


For the densities 
1 and 1.02<p<1.08, we may write 
9 P—p’ _Ap_ Ap. 

pt+p’ pp 


The values of the variables for the various runs 


of this class, Ah’, are given in table 1. Now 
A=A ( is? be g, 8, B, L) 
: p : 
or 
r ‘ U7? r §  P | 
} -} oe B, a 4 
t t 


Ap gh hh 


In figures 6, 7, and 8 plots are given of \/h against 
U?/(Ap/p)gh, a form of densimetric or internal Froude 
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FIGURE 6. Variation of the wavelength of internal progressive 
waves, r=1.27 cm. 
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FIGURE 8. 


number. The wavelengths for the experiments 
were taken as the mean value for three or four waves 
immediately following the cylinder. The line repre- 
senting the theoretical wavelength is taken from 
Lamb, Art. 231 eq (17) [21], which represents wave 
motion of two superposed fluids with the upper 
surface free. For the case 








tf 
<I 
p 
10 
Oh = 26.0 cm 
On = 25.0 cm 
8 Oh = 24.0 cm 
© h = 23.0 cm 
V7 h= 20.0 cm 
© h= 18.0 cm 
8 n= 16.3 cm 
6 
4 0 
nN S ‘9 
iy oi Vv 
SPo g TEAR DROP CYLINDER 
4} ©e h= 25.0 cm 
7 h= 20.0 cm 
HV 8 n= 16.0 cm 
LENTICULAR CYLINDER 
® h= 25.0 cm 
V h= 200 cm 
7 @ h = 16.3 cm 
& 
Vv | gs | 
O 02 0.4 2 0.6 8 
AP gh 
p 
FIGURE 7. Variation of the wavelength of internal progressive 
waves, r= 2.54 em. 
THEORY 
, 8 
n 
4} 
).2 0.4 ».6 08 
U 
AP gh 
7 


Variation of the wavelength of internal progressive 
waves, r=45.08 em. 
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Run} Cylin- 
der « 
158 2. 54 
160 2. 54( 
161 2. 54 
162 2. 54 
163 2. 54 
170 5.084 
171 5.08 
172 5.08 
173 5.08 
174 5.08 
175 5. 08 
176 5.08 
178 5. 08 
183 5.08B 
184 5.08 
185 5. O8 
186 5. OR 
187 5. 08 
188 5. 08 
189 5. O8 
196 5.08 
197 5. 08 
198 | 5. 08 
210 1.27B 
11 1,27 
212 1.27 
213 1.27 
214 1.27 
215 1.27B 
216 1.27 
217 1.27 
218 1,27 
219 1.27 
220 1. 27 
221 1.27 
222 1. 27 
223 1. 27 
224 1. 27 
225 1,27 
226 1.27 
227 1. 27 
228 1.27 
229 1.27 
230 1. 27 
231 1.27 
232 1.27 
233 1.27 
234 1.27 
235 1.27 
236 1.27 
237 1.27 
238 1, 27 
239 1.27 
240 1. 27 
241 1.27 
242 1.27B 
243 1.27 
244 1.27 
245 1.27 
246 1. 27 
247 1. 27 
248 1.27 
249 1. 27 
250 1.27 
251 1. 27 
252 1.27 
275 127A 
276 1. 27 
277 1.27 
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« Cylinders are tabulated by radius (in centimeters) and by shape 
B tear drop, C lenticular. 
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in which we are interested the equation may be 
written 


op Ni— o*pgkN2- + Apg*k?=0 
where 


N,=coth kh coth kh’+1 
N-=coth kh+coth kh’ 
k—=27/d 
e=eU. 
The equation reduces to 
l r2 :' N; E Se fas 
Ap - 2Niekh \ Ne 
where e=Ap/p. There are two solutions of this 


equation corresponding to the plus and minus signs 
for the last term. ‘The minus sign represents the 
case of interest here where waves are produced 
primarily at the interface. Since the quantity 
Nie/N2? is small, we may expand the square root 


obtaining. 


For the present experiments Nje/N.?<0.03, so only 
the first term is taken 
U? 
A 
f 


[7 
] Nie 
AP oh Nikh [taut 


p 


1A ] 


p ‘ 
gh 2x h 
) 





-@ 
/ 


9 *9 
coth ome coth cai 





velocity of a two-layer system. Taking the limit as 
Nh © we obtain 
U3 th’ 
A oh Lp’ a 
Poh T (a) 


for the velocity of long waves. 


For the condition 
of the experiments, h’=h, we have 


which is the basis of the theoretical curves in figures 


6,7,and8. The agreement is good when U?/(Ap/p)gh 
does not exceed 0.3. For larger values of U?/ 
(Ap/p)gh the wavelength tends to be constant. At 


the present time no explanation. can be given for 
this result. 

For the wave heights, neglecting viscous effects, 
we have 


: Ap 
a=-aiU,r,h, 2, B, ie 
( p . ) 
or 
1 ,f U? UW pr é 
: J A A he “ h 
Pgh "gs 
p p 


\ plot of a/r against U?/(Ap/p)gs is given in figure 9. 
Those points corresponding to cases where the 
cylinder touches the free surface, (s +7) /h’=1, would 
not correlate well with the other points and are 
plotted separately in figure 10. An explanation for 


This relation is the general expression for wave | this will appear in the theoretical development where 
= 254 cm v 
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Figure 9. Variation of the wave height of internal progressive waves for those cases where the 


cylinder does not touch the surface. 
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FicureE 10. Variation of the wave height of internal progres-ive 
waves for those cases where the cylinder touches the surface. 


successive images of the cylinder in the surface are 
taken. A plot of a/r against U?/(Ap/p)gh is given in 
figure 11. The maximum value of a/r occurs at 
about O?/(Ap/p)gh=0.3. Comparing this with the 
expression for wave velocity U’, of long waves it is 
seen that U,,/U.=0.77, where U,, is the velocity 
corresponding to maximum wave height. In this 
respect there appears to be a close agreement with 
Ekman’s results of maximum added resistance, as 
large wave height reflects the largeness of the added 
resistance. The data of a/r from runs where the 
cylinder was not in contact with the surface are 
plotted against 


U? U? 

i for - <3 
p gs = gh 

p p 


in figure 12, 
From the data on wavelengths and wave heights 
it would be difficult to distinguish any significant 
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FIGURE 11. Variation of the wave height of internal progressive 
waves where the cylinder does not touch the surface. 
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FIGURE 12. Variation of the wave height of internal progressive 
waves where the cylinder does not touch the surface for 
U?/(Ap/p)gh<0.3. 


cylinders of various shapes. This may be due to the 
wake being independent of the cylinder shape, al- 
though no observations were made of the wake. 

For sufficiently large values of r/s there exists 
a minimum velocity below which progressive waves 
are not produced. Instead, there is a vortex forma- 
| tion below the cylinder followed by a smooth un- 
| disturbed boundary. It can be seen from figure 12 
| that the wave height increases as 7/s is increased. 

For large values of r/h the disturbance assumes 

| the form of an internal hydraulic jump which will be 
| discussed in section 6. 

The effect of the parameter L/h cannot be evalu- 
ated at this time since L was nearly constant for 
all the runs. 


| 
| Sierenee between the waves produced by the 


5. Translation Waves of the Bottom Layer 


For those runs for which h<<h’, translation 
| waves of the form illustrated in figure 13 were formed 
| at the interface. In all the runs of this class the 
| cylinder touches the free surface. If the cylinder 
' were completely below the surface, waves of the 
| same form would be produced. The chara :teristies 
| of the intumescence are similar to those of internal 
solitary waves. Letting @ be the height of the wave 
crest above the undisturbed level of the interface, 
we have, neglecting viscous effects 


a=a (u, ohh yt oe Aa g, L) 
p 
or 
a if? 2 ‘godt r 
7 Ap , h’ h h B, h 
gh 


The values of the variables for the runs of this class 
are given in table 2. 

In figure 14 a plot is given of a/r against U?, 
| (Ap/p)gh. Examining the figure, the maximum value 
| of a/r occurs for U?/(Ap/p)gh=0.52. Comparing this 
| with the velocity for long waves, eq (a), the ratio 


>) 
2/ 
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FIGURE 13. Example of translation waves of the bottom layer produced when h<<h’. 


U’,/l has the values 0.87, 0.87, and 0.81 corre- 
tteag neti aaa sponding to the cylinders r=1.27 em, 2.54 em, and 
54m, n=!00em, N=225em 5.08 em, respectively. 

z aa For the runs of this class, h<<h’, the cylinder 
D LENTICULAR touches the surface so the value of r/s is small in 
47 eee nearly all cases. Thus for low velocities, waves are 
, & TEAR DROF produced and these are of small wave height. For 
7 these cases progressive waves are produced as in 
: xy section 4. The apparent criterion for transition 
= | from progressive Waves to translation type Waves 
‘ is the following: For low velocities progressive waves 
; of small amplitude are produced. For larger veloci- 
A m ties the amplitudes increase until they become sig- 
nificantly large in comparison to the depth A of the 
oe lower layer for the translation type waves to be 
produced. No effort was made to determine pre- 

_T — , | cisely these transition velocities. 


6. Hydraulic Jump of the Upper Layer 

FicurRE 14. Variation of the wave height of translation waves of . : ; . 
the bottom laver. For those runs for which h’<<h, translation 
waves of the form illustrated in figure 15 were 
formed at the interface. Here again the cylinder 
touches the free surface in all cases. At the start 
of a run progressive waves are formed. As _ the 
. cylinder moves on, the waves grow in amplitude and 
"a eens the first crest flattens out because of the proximity 
of the fresh water surface. Letting A be the hori- 


TABLE 2. Variables for h h’ 


Ap 


Run |Cylindere) ih’ h s U a zontal distance between the center of the cylinder 
cm cm cm cmjsec | em and the first trough, A increases with the distance 
31 | 254A 2 10 on a4 Vy of travel L. In general, neglecting viscous effects, 
132 2. 54 22 10 20 11.0 3.8 
133 2. 54 22 10 20 12.7 7.3 
134] 2.54 22.5 10 20 14.3 8.4 , Ap 
135 2. 54 22.5 10 20 15.7 6.0 A A (1 mie a h, g, &, B, L ) 
) 
139 2. 54 22. 5 10 20 19.8 2.7 ‘ 
140 2. 54 22. 5 10 20 22. 2 3.0 . ‘ 
i eo. | oe “ a ee 3.5 The values of the variables for the runs of this class 
164 2.54C 22.5 10 20 14.8 6.7 are given 1n table 3. 
180 | 5.084 27. 62 7.46) 22.54 13.7 14.0 _We wish A/Z as a function of dimensionless com- 
181 | 5.08 27. 62 7.46) 22. 54 16.2 8.¢ binations of the variables. The best correlation 
199 5. 08B 27. 62 7. 46 22. 54 7.9 1.8 ; ‘ : : ; : ° 
200 | 5.08 27. 62 7.46 | 22.54 9.5 3.0 that was obtained is given in figure 16 where A/L 1s 
201 5.08 27. 62 7. 46 22. 54 10.7 5.0 plotted against 
207 5. 08 27. 62 7. 46 22. 54 13.8 13. 0 [72 
208 5. OS 27. 62 7. 46 22. 54 15.9 4.6 : / 
278 1.27B 21.27 10 20 10.8 1.2 A Vii/h. 
279 1, 27 21.27 10 20 13.8 +0) p } , 
281 1.27 21.27 10 20 18.6 2.0 gh 


p 


2C ylinders are tabulated by radius (in centimeters) and by shape; A circular , ; " ™ ; 2 
B tear drop, C lenticular Here again, as in section 5, there are cases, for low 
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. Example of internal hydraulic jump of the upper layer produced when h’<<h. 
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FiGuRE 16. 


Variation of the length of the 


‘“nlateau’’ of translation waves of the upper 


layer. 


velocities where progressive waves are produced at 
the interface. There are also intermediate cases 
where the first crest is flattened, but in other respects 
the profile has the characteristics of a progressive 
wave train. There are still further cases when r/h 
is large where the hydraulic jump is produced when 
the two liquids are of equal depth (runs 178, 196, 
and 197 listed in table 3). 


7. Theoretical Development 


In order to see to what degree the observed wave 
heights are in conformity with the laws of hydro- 
dynamics, the case of a cylinder moving with uniform 
horizontal velocity in the upper layer is considered. 
This analysis refers to the oscillatory waves of the 
interface. Corresponding analyses of the translation 
waves of the bottom and upper layers are being 
considered. 


| It will be assumed that r is small compared with 
the distance s (see fig. 5). Since the speed of motion 


| U is many times smaller than the quantity ¥g(h+h’) 





the surface disturbance due to motion of the cylinder 
as it would be in a homogeneous liquid would be un- 
appreciable, and also owing to small Ap/p ratio the 
| surface displacement associated with internal waves 
would be negligible. In this case, when the cylinder 
is near the free surface, it will be necessary to take 
the successive images of the cylinder in the surface 
as if it were a plane boundary in order to reduce the 
normal velocity at the surface to zero. For the 
present purpose, since 7/s is assumed small, all of 
the image doublets within the cylinder may be 
placed at the center which effectively increases the 
radius of the cylinder by a factor y. The values of 
y as a function of (h’—s)/r are determined by the 
methods of reference [22] and plotted in figure 17. 
The sharp rise in y for (h’—s)/r=Z accounts for the 








| 





249 








TABLE 3. Variables for h’<h 


ba (0.04 for all runs 
p 


Run| Cylin- h’ h 8 U Ai Ih Ao Lo A3 In 
der a 
cm cm cm cm/sec cm cm cm cm em cm 
119 2. 54A 7.5 25 5 9.4 73.0 867.5 
124 2. 54 12.5 20 10 12.6 94.0 839. 0 
125 2. 54 12.5 20 10 13.7 114.0 842.0 
126 2. 54 12.5 20 10 16.3 115.5 819.0 
128 2. 54 7.5 25 5 10.8 91.0 517.0 96. 0 557. 5 
129 2. 54 7.5 25 5 12.1 96.0 363. 0 121.5 572.0 164.0 851.0 
130 2. 54 7.5 25 5 13.2 107.0 309. 0 151.8 622. 0 187.0 848. 0 
136 2. 54 7.5 25 5 15.5 136. 0 415.0 206. 0 613.0 he : 
151 2.54B 7.5 25 5 13.1 91.5 284.5 131.5 553. 0 183. 0 846.0 
159 2.54C 7.8 25 5 13. 1 99. 0 310.0 142.0 571.0 186. 0 839.0 
178 5. OR A 17. 54 17. 54 12. 46 13.6 90.0 344. 0 102.0 615. 0 106. 0 834. 5 
196 5.08B 17. 54 17. 54 12. 46 13. 7 82.0 331.0 94.0 582. 0 111.0 840.0 
197 5. O8 17. 54 17. 54 12. 46 16. 1 112.0 352. 0 142.0 614.5 159. 0 867.5 
203 5. 08B 12. §2 22. 46 7. 54 14.0 100. 0 317.5 138. 0 583. 0 176. 0 S848. 0 
204 5.08 12. 62 22. 46 7. 54 16.6 131.0 332. 5 208. 0 854. 0 
205 ». OS 12. 62 22. 46 7. 54 19.5 177.0 336. 0 328. 0 840.0 
206 >. OS 12. 62 22. 46 7. 54 22. 6 370.0 824.0 
253 1.27B 3.77 27.5 2.5 6.2 20.5 331.5 20.0 591.0 20.5 847.5 
255 1.27 3.77 27.5 2.5 6.7 15.5 324.0 15.5 609.5 17.5 R28. 5 
256 1.27 3.77 27.5 2.5 7.8 78. 0 322. 0 115.0 551.0 152. 0 841.0 
257 1. 27 erg 27 2.5 9.6 68.0 294. 5 112.0 573. 5 152.0 837.0 
258 1. 27 3.77 27 2.5 10.6 66.0 292. 0 88. 0 565. 0 118.0 840. 0 
259 1.27 3.77 97.5 2.5 11.8 91.0 305. 0 126. 0 590. 0 156.0 839. 0 
6) 1. 27 3.77 27.5 2.5 13.8 131.0 317.5 204. 0 609. 0 259. 0 840. 0 
263 1. 27 6. 27 25 5 10.5 58.0 303. 5 73. 5 568. 5 90. 0 817.5 
64 1. 27 6. 27 25 ) 13.8 107.0 302. 5 148. 0 571.0 186. 0 865. 0 
269 Rey 8.15 23. 12 6.88 13.9 92.0 317.0 113.0 590. 0 131.0 826.0 
272 1. 27 11. 27 20 10 13.8 77.5 324.5 80.5 575.0 84.0) $29. 5 
274 1.27A 3.77 27.5 2.5 11.4 100. 2 204. 3 147.5 490. 2 188. 5 857.5 


® Cylinders are tabulated by radius (in centimeters) and by shape; A circular, B tear drop, C lenticular. 


3, provided x’+-x; is negligible there. The origin is 
| taken at the undisturbed level of the interface 
\ directly below the center of the cylinder. The y— 

al | coordinate is positive upwards and 2 is positive to 

the right in figure 5. 
, If r/(s+h) is small the normal component of 
| | | | | velocity at the bottom from the terms in the bracket 
ini would vanish. Again x+x, and x’+x; are so 
a | selected that the normal components of velocity due 
= | to these terms vanish at the surface and at the 
o- 4 . vi, 2 22 -¢ | bottom. Thus assume 
FIGURE 17. Variation of radius factor with distance below the Sai 


surface. a | a’ (k) cosh k(y—h’) sin kadk (3) 
increased wave heights when the cylinder touches ; 
» free c foepa f, in secti d / 
the free surface found in section 4. _ x, ai(k) cosh k(y—h’) cos krdk 
Letting ¢’ be the velocity potential of the upper J0 
layer and @ that of the lower we write, after super- 


‘ and 
posing a velocity U’ on the system, 


(yr)? X= | a(k) cosh k(y+h) sin kr dk (4) 
‘—-—Uz| 1 ts aD a (tty! in 
? | T2y (s—y)? © 27+ (2h’—s—y)? TX'+% me 
(1) _ | a,(k) cosh k(g-+h) cos ke dk 
and ; 
| where a’(k) and a(k) are to be determined. For the 


= -Uz| 1+5 ae mis , |+x+x, | equation of the interface, assumed to be steady, we 
7* 4 (s =)" r+ (2h coe est ie put 
) | 


(2) 


Thus the normal velocity at the cylinder is zero | u) =| B(k) cos krdr, (5) 
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and 


sid | oe 


The kinematic boundary conditions at the interface 


require that 
3]. . (6) 


ad 

Oy Se lh Ves 

7, m) ~\|_- 

Equations (1) and (2) may be written in the form 


¢’ —Uzr—U( (on)? | Le 


ie. v4 Ron ee v)] 
sin kxrdk+x’+x;, (7) 
and 


ons —E nT 


v)*| [e~FO~ v4 gt —2—9)) 
J0 


sin krdk+x+x, (8) 
for oF 0. 
xz and eq (3), 
(6) yields 


Differentiating eq (5) with respect to 
(4), (7), and (8) with respect to y, eq 


a’(k) sinh kh’= 


—a(k) sinh kh (9) 


so that 


‘(). U f »\_! »\2[ 7 —ks _| —k(2h’—s)}]} 
a (h ) ~ sinh keh’ i B(k)+ (yr) l¢ as a |} (10) 
and 
alk) U B(k) + (yr)*[e-*4 e ~k(2h’—8)]} (11) 
sinh kh ‘it 
Also 


ai(k) sinh kh’=a,(k) sinh kh=86,(k) 

So the terms X;, X;, and 7, correspond to a system 

of free waves and will be dropped from the equations. 
If the pressure at the free surface is taken as zero 


eS 8 — s 
0” Iy—5 ( oe ) +gh +5 (12) 
and 
Pp ] Op . p’ ; (7: 
ali tie, =) sa (gh +3 ) (13) 


provided that p’/p is nearly unity. Letting p’=p 


for y=n and omitting higher order terms in the 
disturbance 
°’| gB(k) U’*(yr)*k le a iscsi, 


Uka'(k) cosh kh’} cos krdk 
p | gB(k)+l (yr)*k l¢ ksi ¢ ~k(2h’—8)) 


—Ukatk) cosh kh} cos krdk 
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or 


| {] 2(yr) 2h [e“* +6 ~k(2h’ 8] (p’—p) 
+ gB(k)(p’ —p)—p’Uka' (k) cosh kh’ 
+ pUka(k) cosh kh} cos krdk=0. (15) 
Introducing a@’(k) and a(k) from eqs (10) and (11) 
U(r) [ee] [(p’—p) 
+p’ coth kh’+-p coth kh]+ B(k)[g(p’ —p) 
+U*kp’ coth kh’+Ukp coth kh|=0 (16) 


or 


B(k)=— (yr)? 
(p’—p) (5-4 
p’ | I 4k coth kn’ |-p | ae" coth kh 
l e [ z - 


a (17) 


le =—€ 
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Now eq (5) becomes 


Los] 


n= —(n)'| 
s t) } 
lS +h ia kh’ af a -—k coth kh 


$1 g—k(2h’—8)) eos kadk 


(p’ —p) 





(18) 


or 


( pik lems es 
T +k neal kh’ ‘L o| ih io yer kh 


<cos krdk. (19) 





The integral in eq (19) is improper, the denominator 
becoming zero at the value of k for which 


k[p coth kh+-p’ coth kh’| = —p’). (20) 


This value, k)>=27/\, corresponds to the wavelength 
of free interfacial waves at the velocity U, as derived 
in section 4. As U increases the wavelength \ also 
increases. Taking the limit of eq (20) as k--0 we 
have 
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+ ph 


which is the oenger of propagation of long waves. 


For larger values of 
the integrand in eq a 


of the integral in eq ( 
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(22) 
For large values of z only the second term is signif- 
icant. Since 7 is an even function of x, eq (5), the 
corresponding expression with x replaced by —z 
holds for negative x. Adding a system of free waves 
to cancel the disturbance far upstream, the result is 
; g seh 
4 OL! 27(p —p) ( ; ky ) [¢ Kot 1g — Ko (on | sin how » 
— } sy 2h’ —s ‘ [2 
—_— =~ és ) ) ) , i‘ » , , , ) > 
0 7 r-s*  x*+ (2h <6)" p’ |coth kyh’ —kyh’ esch? keh’ | +-plcoth koh—koh esch? keoh| 
\ e 
+ ete for r>0 (23) 
and 
| 
/ 9 s 2h’ ane | 
9=—(7r)° : Tt: : a ae ; Ir ete for r<0. [72 
rts? 724 (Qh <03 
ap gh 
Thus there is a local disturbance followed by pro- | 
VY | 
gressive waves of length A, where | 
Regarding the wave height a, we have from eq (23) 
? 
Sader 
a : e( gn koh — koh ( 2—- 
= T —k-h )| es ee | = 
a mA p \U? nt ( . ) (25) 


is determined by eq (20). 
8. Comparison With Observation 
Recalling the conditions of the theory, it is clear 


that it does not apply to the translation waves of 
either section 5 or 6. For a comparison with the 


observed progressive waves, when h=h’, eq (20) 
gives 
h Qah gh 
4x ~ coth = "8 © (24) 
r p U? 
which can be solved numerically to give \/h as a 


function of U*/(Ap/p)gh. 
The values are given by the curves in figures 6, 7, 
and 8. The agreement with experiment is good for 


coth koh—kohesch? koh 

approximately. Thus a/r is a function of U?/(Ap/p gh 
for given values of s/handr/h. In figure 18 one of the 
theoretical curves given along with the corre- 
sponding experimental points. For small wave 
heights the observed values are considerably greater 
than the theoretical values. This disparity may be 
due to the wake produced by the eylinder or the 
limitation of the theory to small waves. For the 
smallest waves which could be measured accurately, 
figure 18, the observed values are approximately 
twice as large as predicted by theory. It appears 
that the disparity between observed and theoretical 
wave heights is largely due to the wake produced by 
the cylinder. 
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Figure 18. Variation of wave height of internal oscillatory 
waves; comparison with theory. 


9. Summary 


The disturbances created at the interface of a 
two-layer liquid system by the horizontal motion of 
a cylinder in the upper layer fall into three categories. 
First, when the layers are of equal thickness, in most 
cases a train of progressive oscillatory waves is pro- 
duced at the interface. Second, when the depth of 
the lower laver is much less than the depth of the 
fresh-water layer, the profile of the interface usually 
resembles that corresponding to a succession of 
positive internal solitary waves. Third, when the 
depth of the lower layer is much greater than the 
depth of the fresh-water layer, in most cases an 
internal hydraulic jump is produced. The excep- 
tional cases correspond to low cylinder velocities. 
The theory for disturbances of small amplitude pre- 
dicts waves of the type observed inthe first category, 
but the observed amplitudes are greater by a factor 
of two in those cases where the conditions of the 
theory are most nearly satisfied. This discrepancy 
is ascribed to the effect of the wake behind the 
evlinder. 

For the progressive oscillatory waves there is a 
distinct change in the manner of variation of the 
wave heights corresponding to U ?/Ap/p)gh=0.3 
where the wave height reaches a maximum. For 
[7?/(Ap/p)gh<0.3 the wave height a/r depends 
primarily on the quantity U?/(Ap/p)gs while for 
L’*/(Ap/p)gh>0.3. the wave height depends on 








[7?/(Ap/p)gh. Figure 12 shows that the wave 
height increases as r/s is increased. 

The experiments with different shapes of cylinders 
did not yield a significant difference in the disturb- 
ances produced. This may be due to the manner 
in which the wake depends on the cylinder shape. 
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Selected Abstracts 


Phase shift effects in Fabry-Perot interferometry, C. J. 
Koester, J. Research NBS 64A, No. 3, May—June 1960. 

A method is demonstrated for utilizing in Fabry-Perot 
interferometry the data on reflection phase shift dispersion 
obtained from fringes of equal chromatic order. Unknown 
wavelengths can be calculated from the Fabry-Perot patterns 
obtained with a large etalon spacing, even without prior 
knowledge of the phase shift of the reflecting surfaces. When 
the theoretical phase shift as a function of wavelength is 
known approximately, then the correct orders of interference 
ean be determined for both the Fabry-Perot fringes and 
fringes of equal chromatic order. From the wavelengths of 
the latter the phase shift dispersion can be measured to an 
accuracy of about 10A. The method is especially useful for 
reflectors with large dispersion of phase shift, such as multi- 
lavers. Results in the visible spectrum are reported for 
aluminum films and a pair of dielectric 15 layer broad-band 
reflectors. 


Separation and determination of small quantities of aluminum 
in steel, B. B. Bendigo and R. K. Bell, J. Research NBS G64A, 
No. 3, May-June 1960. 

A method is described for determining small amounts of 
aluminum (0.01 to 0.3 percent) in carbon and stainless steels. 
A perchloric-sulfurie acid solution of the steel is electrolyzed 
in a mercury cathode cell to remove most of the iron, and a 
chloroform extraction removes elements such as aluminum, 
residual iron, and titanium as cupferrates from a solution 
buffered at pH 3.5. These elements are converted from 
cupferrates to perchlorates; all except aluminum are then 
extracted as cupferrates with chloroform from 4N_ hydro- 
chloric acid. Aluminum in the acid solution is determined 
photometrically, using aluminon (ammonium aurintricar- 
boxylate) and a wavelength of approximately 540 mu. 
Accuracy to within +0.005 percent aluminum is indicated. 


A symmetric continuous poker model, A. J. Goldman and 
J.J. Stone, J. Research N BS 64B, No. 1, January—March 1960. 
Beginning with Von Neumann, mathematicians concerned 
with the rational analysis of conflict situations have realized 
that investigation of accurate or simplified versions of common 
card games leads to techniques and insights applicable to 
situations of military or economic interest. In the present 
paper, a symmetric poker model one stage more complicated 
than the original Von Neumann game is solved. There are 
two bet levels a, b and an ante of 1 unit (a>b>1); no raises 
are permitted. The game has a unique optimal strategy, 
which forbids bluffing on a low hand. The limiting case 
b=1 is shown to yield the Von Neumann model. 


Characteristics of 488 megacycles per second radio signal 
reflected from the moon, B. C. Blevis and J. H. Chapman, 
J. Research NBS 64D, No. 4, July-August 1960. 

Radio signals at 488 Me, received after reflection from the 
moon, have been studied using a continuous wave bistatic 
radar system located near Ottawa, Canada. These experi- 
ments were carried out during 1957 and consisted of monitor- 
ing the signals received on two orthogonal dipoles mounted 
at the focus of a 28-foot parabolic tracking antenna. The 
total mean received signal yielded an effective radar cross 
section of the moon at this frequency of 0.05 of the projected 
area. The libration fading as observed in the two orthogonal 
receiver channels was in sychronism, with a cross-correlation 
coefficient of 0.89. It was established that the signal is not 
depolarized significantly on reflection at the surface of the 
moon, or in passing through the ionosphere. Rotation of the 
plane of polarization of the radio wave in the double passage 
through the ionosphere was observed to change by nearly 





180 degrees over a 6-hour period during quiet ionospheric 
conditions. 


The use of polarization fading of satellite signals to study the 
electron content and irregularities in the ionosphere, C. G. 
Little and R. S. Lawrence, J. Research NBS 64D, No. 4, 
July-August 1960. 

A procedure is described for using the Faraday-rotation 
fading of a satellite radio signal to measure the ionospheric 
electron content per unit column up to the height of the satellite. 
Full account is taken of ionospheric refraction by using the 
collision-free form of the Appleton-Hartree equation. Re- 
sults based on observations of 1958 Delta 2 are presented. 
The sub-satellite electron contents derived throughout the 
satellite passes for heights below the F-peak compare well 
with values deduced from simultaneous ionograms. Iono- 
spheric irregularities, having lateral dimensions of a few 
hundred kilometers, and fractional deviations in sub-satellite 
electron content of about 0.02 have been detected. Our 
observations suggest that satellite polarization studies offer 
important advantages over other methods of investigating 
these irregularities. 


Determination of piezoelectric properties as a function of 
pressure and temperature, J. E. McKinney and C. 8. Bowyer, 
J. Acoust. Soc. Am. 32, No. 1, 56 (1960). 

Piezoelectric data on a mixed titanate system (82% BaTiOs, 
9.1% CaTiOs;, 3.6% PbTiO;, and 4.4% TiO.) was obtained 
from an apparatus intended to measure the dynamic com- 
pressibility of materials. The calibration constant of the 
apparatus involves the piezoelectric and dielectric constants 
of the ceramics used as transducers. The method is dis- 
cussed and an operating equation for the apparatus derived. 
Piezoelectric and dielectric constants have been measured 
over a fairly extensive temperature and pressure range and an 
apparent phase transition observed near 5° C. This transi- 
tion corresponds to that found in pure barium titanate, and 
might be due to imperfect mixing of the titanates that leaves 
a small amount of pure barium titanate present. The method 
described appears more sensitive for the detection of changes 
in crystal symmetry in such materials than either X-ray or 
dielectric measurements. 


Determination of the recording performance of a tape from its 
magnetic properties, E. D. Daniel and I. Levine, J. Acoust. 
Soc. Am. 32, No. 2, 258 (1960). 

This is the second of two papers. The first (1) dealt with the 
general magnetic properties of recording tape. The present 
paper gives an analysis of hf biased recording based upon the 
anhysteretic properties of the tape as specified in I. Caleu- 
lations of performance are compared with the results of abso- 
lute measurements carried out on a conventional recording 
machine, and on large scale models. Satisfactory agreement 
is obtained when the theory is corrected to take into account a 
loss attributed largely to a dynamic form of demagnetization 
which takes place during recording. The corrected theory 
‘an be used to compare tape performance under a variety of 
operating conditions without reference to a particular test 
recorder. Attention is confined to recorded wavelengths 
which are large compared with coating thickness. 


Gages for measuring the thickness of chromium on the in- 
ternal surface of small-bore tubes, V. A. Lamb and P. A. 
Krasley, Plating 47, No. 2, 176 (1960). 

Two gages of the eddy-current type for measuring the thick- 
ness of chromium coatings on the internal surface of caliber 
30 and caliber .50 gun barrels have been developed. Meas- 
urements are nondestructive and are localized to a small area, 
less than 4 inch diameter. The gages may readily be modi- 
fied to be generally applicable to the measurement of the 
thickness of various coatings on the internal surfaces of metal- 
lic tubes of the same or larger diameters. 
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Experimenta! and theoretical investigation of the magnetic 
properties of iron oxide recording tape, E. D. Daniel and I. 
Levine, J. Acoust. Soc. Am. 32, No. 1, 1 (1969). 


Part A gives the results of remanent magnetization tests made 
under ordinary and anhysteretic conditions, and shows that 
the major anhysteretic properties of a recording tape can be 
expressed in terms of three easily measured constants. The 
design of the test equipment is discussed and test results are 
listed for thirteen representative types of tape. Part B re- 
views some of the theories of fine particle magnets that can be 
applied to recording tape, and gives an extensive treatment 
of remanent magnetization based upon the Preisach diagram. 
Some aspects of the Preisach diagram treatment may be of 
interest to workers outside the magnetic recording field. The 
anhysteretiec properties are important in hf biased recording 
and a second paper describes how these properties can be used 
to predict certain recording performance characteristics 


Efficient harmonic generation, G. F. Montgomery, Proc. RE 
48, No. 2, 251 (1960). 


An harmonic generator using a rectifier multiplier followed by 
an amplifier is more efficient than its equivalent class-C multi- 
plier. A proposed rectifier-transistor harmonic generator is 
capable of high efficiency that is nearly independent of har- 
monie number. 


Precise measurement of heat of combustion with a bomb 
calorimeter, R. S. Jessup, NBS Monograph 7 (1960), 


This Monograph gives detailed descriptions of apparatus and 
methods which are used at the National Bureau of Standards 
for precise determinations of heats of combustion of liquid 
hydrocarbon fuels. Numerical examples are given of methods 
of calculating results of measurements from observed data. 
The technique of making and filling glass bulbs to contain 
samples of volatile liquid fuels is described. 

The accuracy of the methods described is about 0.1 percent. 
This is intermediate between the accuracy of 0.01 or 0.02 
percent attained in certain measurements on pure com- 
pounds, and the accuracy of several tenths of one percent 
obtainable with published standard procedures for measure- 
ments on fuels. 


Conductive flooring for hospital operating rooms, T. H. Boone, 
F. L. Hermach, E. H. MacArthur, and R. C. MedAuliff, 
NBS Monograph 11 (1960). 


Characteristics and performance of available types of con- 
ductive flooring materials were investigated in the laboratory. 
The study showed that the electrodes and instruments 
used to measure the floor greatly affected the measured 
resistance, but that the method specified by the National 
Fire Protection Association for measuring the electrical 
resistance reasonably simulated the conditions under which 


a floor functions in reducing electrostatic hazards. The 
physical, chemical, and serviceability characteristics of 


conductive floorings investigated showed results comparable 
with those of nonconductive flooring of the same _ type. 
Consequently, with some limitations, an architect may base 
his choice of a conductive flooring material on his knowledge 
of the behavior of similar nonconductive materials, 


Tabulation of data on receiving tubes, C. P. Marsden, W. J. 


Keery, and J. K. Moffitt, NBS Handb. 68 (1959). 

A tabulation of Receiving Type Electron Tubes with some 
characteristics of each type has been prepared in the form 
of two major listings, a Numerical Listing in which the tubes 
are arranged by type number, and a Characteristic Listing 
in which the tubes are arranged by tube type and further 
ordered on the basis of one or two important parameters. 
The tabulation is accompanied by a listing of similar tube 
types and basing diagrams for the listed tubes. 


Are life testing procedures robust? M. Zelen and M. C. 
Dannemiller, Proc. 6th Natl. Symp. Reliability and Quality 
Control in Electronics, Jan. 11-13, 1960, Inst. Radio Enars. 
Inc., p. 185 (1960). 


Almost all the statistical procedures in current use for evaluat- 
ing the reliability of components or equipments rest on the 


| assumption that 


the failure times follow the exponential 
distribution. In practical situations one rarely has enough 
data to determine whether failure times are actually exponen- 
tial. This paper studies the behavior of several statistical] 
life testing procedures based on the exponential failure law 
if the true failure law is the Weibull distribution. It is found 
that these statistical techniques, which are widely used, are 
very sensitive to departures from initial assumptions. Apply- 
ing these techniques to life test data when the exponential 
failure law is not satisfied may result in substantially increas- 
ing the probability of accepting components or equipments 
having poor reliability. 


Improved NBS abrasive jet method for measuring abrasion 
resistance of coatings, A. G. Roberts, ASTM Bull. No. 244, 
18 (TP52) (1960). 

A description is given of the changes made in the NBS 
Abrasive Jet Method since publication of the original article 
describing this rapid, reproducible, and versatile means for 
measuring the abrasion resistance of organic and other 
coatings. Improvements include use of a free-flowing abra- 
sive, a redesigned abrasive sifting chamber to minimize 
turbulence and interference effects, better control of abrasive 
flow, addition of an electronic contact device for setting 
nozzle-to-coating distance, and automatic timing. Precision 
of measurement has been significantly increased by use of a 
reference panel. 


Flame-spread measurements by the radiant panel flame- 
spread method, D. Gross, Forest Products J. X, No. 1, 33 
(1960). 


The results of a limited number of tests for evaluation of the 
flame spread properties of untreated and of fire-retardant 
coated wood-base materials are presented. It is shown by 
use of the radiant panel flame spread test method that 
variations in moisture content and mean density can have 
a significant effect upon the flame spread index of untreated 
wood. For the same mean density and moisture content, it 
was observed that variations in the surface grain structure 
of untreated wood had an appreciable effect upon the flame 
spread index. The flame spread indices of the fire-retardant 
coated assemblies were considerably lower than those obtained 
with uncoated or conventionally coated materials although 
significant differences between coated assemblies were 
observed. <A test method such as this can be used to ad- 
vantage for the development and evaluation of effective and 
practical fire-retardant coatings for wood-base materials. 


Report of the 44th National Conference on Weights and 
Measures 1959, NBS Misc. Publ. 228 (1959). 

This is a report of the proceedings (edited) of the Forty- 
fourth National Conference on Weights and Measures, spon- 
sored by NBS, held in Washington, D.C., June 8-12, 1959, 
and attended by State, county, and city weights and meas- 
ures officials, and representatives of the Federal Government, 
business, industry, railroads, and associations. 


What price accurate test methods? A. T. 
ASTM Bull. (ACR Notes Column) No. 244, 7 


Inaccurate test methods used in specifications frequently 
lead to difficulty, misunderstandings, and unnecessary rejec- 
tions because much of the tolerance that is allowed in dimen- 
sions, composition, or other characteristics of a product may 
be taken up by the uncertainty in testing. Accurate methods 
can pay dividends by lowering the rejection rate, avoid- 
ing referee tests and other sources of delay, and affording 
greater assurance that products which are found by test to 
comply with the specification will actually serve the intended 
purpose. A further saving may be effected with many prod- 
ucts by widening the tolerances and thereby reducing the 
cost of production. The development of accurate test meth- 
ods, however, may require long and expensive research. 
Before undertaking to develop any specific new test method, 
a critical survey should be made to determine whether the 
anticipated savings and other benefits will exceed the prob- 
able cost. Such a survey will involve both economic and 
technical factors and may well make use of methods and 
techniques which are employed in market research. 


McPherson, 
( 1960). 
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Many changes reflected in new dry cell standard, W. J. 
Hamer, Mag. of Standards 31, No. 3, 81 (1960). 

The seventh edition of the American Standard Specification 
for Dry Cells and Batteries was published in December 1959 
as Handbook 71 of the National Bureau of Standards. It 
supersedes the previous specification which was published in 
1954 as Circular 559 of the National Bureau of Standards. 
The new specification includes many changes. Cell dimen- 
sions are given in both the English and metric systems: the 
metric system was added in line with the trend toward its 
increased use in commerce and industry. Cell and bat- 
tery designations recommended by TC-35 Committee on 
Primary Cells and Batteries of the International Electro- 
technical Commission was incorporated in keeping with 
attempts to secure international cooperation in the standard- 
ization of primary batteries. The most notable change in 
the new specification is the inclusion, for the first time, of 
cells and batteries for use with transistorized circuits. Other 
minor changes include a new test for lantern batteries used 
in alarm circuits, some new terminal designs, and the drop- 
ping of specifications for batteries to be used with ‘“‘carbon- 
type” hearing aids since these types of instruments are 
rapidly becoming obsolete. 

Water penetration testing machine for sole leather, T. J. 
Carter, J. Am. Leather Chem. Assoc. LV, No. 3, 139 (1960). 
A test to measure the water resistance of sole leather has been 
developed. A leather specimen is flexed at a frequency of 
30 cycles per minute with one side exposed to water until 
penetration occurs. The specimen is clamped so that the 
angle of bend is approximately 90°. The results show that 
flexing increases the rate of water absorption as well as the 
rate of water penetration compared to the rates under static 
conditions. Studies were made on the influence of thick- 
ness of specimen, location on the sole leather bend, and com- 
pression of the specimen on dynamic water penetration and 
water absorption. The logarithm of the number of flexes 
required for penetration is a direct function of the thickness 
of the leather. The rates of water penetration and water 
absorption depend on the location of the specimen on the 
sole leather bend. Compression of the impregnated leather 
decreases the rate of water penetration and the rate of water 
absorption. 


Bending and stretching of corrugated diaphragms, R. F. 
Dressler, Trans. ASME 81D, No. 4, 651 (1959). 

Solutions of the exact linear elastic shell equations for all 
stresses and displacements in a typical corrugated diaphragm 
are presented for three cases over a 9 to 1 range of thicknesses. 
Results were obtained by numerical integration in an elec- 
tronic digital computer. The effect of thickness variation is 
discussed with respect to both stresses and resultants, and 
peak values needed for design purposes are presented.  Cir- 
cumferential and meridional stresses are found to be equally 
important throughout the thickness range analyzed. Bending 
and membrane stresses are likewise equally important 
throughout the range. Peak values in some eases occur 
near the outer rim, 


Triaxial tension at the head of a rapidly running crack in a 
plate, J. M. Frankland, Trans. ASME, Ser. E 26, No. 4, 570 
(1959). 
Two-dimensional solutions have been found for the state of 
stress in a plate loaded in tension at right angles to a crack. 
One of these concerns the stationary crack and the other an 
advancing crack. No three-dimensional solutions are avail- 
able. It is shown, however, that it is highly probable that 
cracks propagating at high speeds develop an appreciable 
triaxial tension near the head of the crack. This is believed 
to be significant with regard to the observed brittle behavior 
of plates under such circumstances. 

Transistor P-A amplifier, G. F. Montgomery and F. R. 
Bretemps, Electronic Ind. 19, No. 1, 196 (1960). 

A portable public-address amplifier using transistors and 
powered by flashlight cells develops an electrical power of 
about 0.75 watt and is useful for moderately large audiences. 
The complete unit consists of the amplifier, two loudspeakers, 
batteries, and a dynamie microphone and is contained in an 
attache case. Battery life is about 20 hours. 
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